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CHAPTER! 
GENERAL INTRODUCTION 
Introduction 
The petrochemical industry is in a transition ftom depending on alkenes and mono-
olefins as building blocks to using alkanes as major raw materials. Alkanes are relatively 
inexpensive and readily available. In addition, alkane-based processes may have lower 
environmental impact compared with alkene-based processes. As a part of this transition, 
production of value-added oxygenates by single step gas phase selective oxidation of alkanes 
is a very active research area. 
The selective oxidation of n-butane to maleic anhydride is currently the only 
commercialized reaction of this kind (1). Before the 1980s, vapor-phase oxidation of 
benzene over a vanadium-based catalyst was the dominant technique for producing maleic 
anhydride. The discovery of the high selectivity vanadium phosphorous oxides (VPO) has 
enabled the direct oxidation of n-butane to maleic anhydride to be practiced by the industry. 
Since the mid-1980s, all North American producers have used this n-butane oxidation 
process to produce maleic anhydride. Its current capacity in the U.S. is 450 million-Ib.-per-
year (2). 
Propane ammoxidation to produce acrylonitrile is likely to be the second industrial 
application of alkane selective oxidation. Currently 95% of the world's output of 
acrylonitrile is produced by propylene anunoxidation process that was developed by Sohio in 
1957 (3). Studies aimed at using propane as feedstock have been conducted for years. 
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Recently, BP Chemicals announced its success in ammoxidation of propane to yield 
acrylonitrile using a new catalyst system. According to BP, this new process can lower the 
production costs by 20% compared with the propylene-based approach. Production of 
valuable co-products (e.g. acetonitrile and hydrogen cyanide) and lower wastes (e.g. acrylic 
acid) are among the additional benefits (3). The selective oxidation from isobutane to 
methacrylic acid, ethane to acetic acid, and propane to acrylic acid are also being studied, and 
likely become the candidates for the next breakthrough. 
Li addition, processes involving the selective oxidation of diolefins have gained solid 
progress, particularly routes based on 1,3-butadiene. Most 1,3-butadiene is produced as a co-
product from naphtha steam cracking, which is used to produce ethylene. Because of the 
disparity in the increments of demand for butadiene (3% per year) versus for ethylene (4.5% 
per year), a 2 million ton global surplus of butadiene is projected by the end of this century 
(4). The projected oversupply stimulates great incentive to find new applications for 1,3-
butadiene. hi 1996, Eastman Chemical commercialized a process for the continuous air-
oxidation of butadiene to epoxybutene using a Ag-based catalyst system. Epoxybutene is a 
very versatile intermediate that can undergo different reactions to produce various chemical 
compounds to form a "chemical tree" (5). It was reported that more than 10 different 
chemicals would be produced from the epoxybutene in this process (6). 
Catalysis obviously plays a key role in all of these new commercial developments. 
Understanding the mechanisms of these catalytic conversions can help to optimize the 
existing processes and may help in developing new catalytic reaction routes. However, the 
mechanistic study of heterogeneous reaction systems is a very demanding task, due to the 
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complexity introduced by numerous reactive species, possible changes in the catalyst during 
the reaction, and the complicated interaction between the reactive species and the solid 
catalyst. 
n-Butane selective oxidation over the VPO catalyst has been studied for more than 
twenty years. The research in the late 70s and early 80s focused on catalyst development and 
reaction kinetics with the emphasis on improving the activity and selectivity of the catalyst 
Since the late 80s, the focus has shifted to the investigation of the reaction mechanism using 
crystallographic and spectroscopic techniques in order to gain a microscopic level 
understanding of the reaction mechanism. The development of DuPont's Circulating 
Fluidized Bed (CFB) process (7) brought new incentives to mechanistic studies. The 
unsteady state operation conditions adopted by DuPont's process apparently improved the 
process yield for maleic anhydride. Reasons for this yield improvement, mechanistic, kinetic 
or else, need to be addressed. The study of reaction systems under unsteady state conditions 
has now become an important research topic. 
Several statements about n-butane selective oxidation over the VPO catalyst can be 
made as the following, based on the results of numerous mechanistic studies. 
• n-Butane partial oxidation on the VPO catalyst follows a redox mechanism (8). 
• The reaction has multiple steps and various intermediates. 
• The VPO catalyst is multifunctional and capable of alkane activation, H-abstraction, 
oxygen insertion, etc. 
• The catalyst can exist in different phases and the reaction can induce phase 
transformations. 
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• The most active and selective phase is believed to be vanadyl pyrophosphate, (y02)PzOj. 
There is still no definite answer to some fundamental questions: a) what is the reaction 
pathway; b) what is the active site responsible for each reaction step; c) how does the catalyst 
evolve during the reaction and how does this affect the reaction kinetics. In general, the 
mechanism of this reaction is not well understood. 
Research Objectiyes 
The primary research interest of the author is to investigate the mechanism of n-
butane selective oxidation over the VPO catalyst The research objectives are a) to identify 
the reaction intermediates and the reaction pathway of n-butane partial oxidation to maleic 
anhydride; b) to identify reaction induced phase transformations of the VPO catalyst, with 
emphasis on transient operation conditions. 
In experimental investigations of the mechanism of a heterogeneous catalytic 
reaction, it would be desirable to monitor simultaneously the behavior of every species 
involved in the reaction system: the reactants, reaction intermediates, products, and the 
catalyst. Unfortunately, it is not yet practical due to instrumental and operational limitations. 
However a simplified approach as the following can be taken: a) investigate the nature and 
the dynamics of reactants, reaction intermediates, and products, b) investigate the nature of 
the catalyst and its dynamics in the reaction, c) investigate the reaction kinetics, d) match the 
data obtained in (a), (b), and (c) to form an integrated view of the reaction mechanism. 
Li gas-solid heterogeneous reaction systems, the reactants, products and byproducts 
are in the gas phase. They can be detected by analyzers such as mass spectrometry and gas 
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chromatography. Reaction intermediates exist only on the catalyst surface and usually have a 
low concentration and a short lifetime. Consequently, detection of reaction intermediates is 
difficult Infrared spectroscopy is a proven to be capable of observing surface adsorbates, in 
situ IR is frequently used to detect reaction intermediates and monitor their evolution during 
the reaction. Raman spectroscopy is also a powerful characterization technique in catalysis 
research, particularly for metal oxide catalysts. In situ laser Raman spectroscopy is 
frequently used to monitor the changes that occur in the solid structure. In situ FTIR and in 
situ LRS combined will provide capability of studying changes in reaction intermediates and 
in the catalyst and they were the primary experimental techniques used in this research. 
Dissertation Organization 
The dissertation consists of five chapters. Chapter 1 explains the scientific and 
industrial relevance of studying n-butane selective oxidation over VPO catalysts and the 
objectives of the author's research. In Chapter 2 a literature review is given to survey the 
mechanistic smdies in n-butane selective oxidation and to identify unsolved problems. 
Chapter 3 and Chapter 4 are papers written based on the author's research on reaction 
intermediates and on catalyst transformations in n-butane selective oxidation on VPO 
catalysts. The papers are in forms suitable for publication in scientific journals. Chapter 5 
draws general conclusion and proposes directions for further research activities. The 
research presented represents original work conducted by the author. 
6 
Rrferences 
1. Cavani, R, and Trifird, F. in "Catalysis, Vol. 11", The Royal Society of Chemistry (1994). 
2. Chemical & Engineering News, May 5, 1997, p. 17 
3. Chemical & Engineering News, Sept. 23, 1996, p. 18 
4. Oil & Gas Journal, Jxily 18, 1994, p.65 
5. Monnier, JJl. m "3rd World Congress On Oxidation Catalysis", (R. K. Grasselli et al. 
Eds.), Elsevier Science B.V. (1997). 
6. Chemical & Engineering News, Nov. 25, 1996, p.42 
7. Contractor, RM., Gamett, D.L, Horowitz, H.S., Bergna, HJE., Patience, G.S., Schwartz, 
J.T., and Sisler, G.M., in "New Development in Selective Oxidation 11" (V. Cortes 
Corberm and S. Vic Belldn, Eds.) ElseAder Science B. V. (1994). 
8. Mars, P. and Krevelen, D.W.v., Chem, Eng. Set, 3,41 (1954). 
7 
CHAPTER2 
LITERATURE REVIEW 
n-Butane selective oxidation to maleic anhydride over the VPO catalyst involves 
abstraction of eight hydrogen atoms, insertion of three oxygen atoms, and transfer of fourteen 
electrons. The reaction is highly selective toward maleic anhydride at low butane 
conversions with carbon oxides as the only byproducts (1). The reaction is believed to 
follow a Mars-van Krevelen (redox) mechanism, in which the catalyst provides lattice 
oxygen to oxidize the adsorbed reactants and is reduced; the consumed lattice oxygen is then 
replenished by the surface oxygen species converted from gaseous oxygen and the catalyst is 
regenerated. This reaction is the focus of much research interest. The scope of previous 
research includes catalyst preparation, reaction pathway, reaction kinetics, catalyst structure 
models and the nature of active sites, etc. There are a substantial number of smdies on each 
of these topics reported in the literature, and several reviews are available (1, 2, 3,4, 5). 
Complex Structure of (VOhPzCh and VOPO4 Phases 
Vanadium phosphorus oxides (VPO) have many known crystalline phases, which 
include V^"^compounds [e.g. ai, an, P, y, 5-VOPO4, and V0P04-2H20 (dihydrate)] and V*^ 
compounds [e.g. (VO)2PzCh and its precursor V0HP04* O.SHiO (hemihydrate)] (6). 
Vanadyl pyrophosphate has a layered strucmre (Fig. la, b). The layers consist of pairs of 
edge-sharing distorted VOe octahedra equatoriaUy linked together by comer-sharing 
pyrophosphate tetrahedra. The two vanadyl groups within the pair of vanadium octahedra 
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a. 
vanadvf 
cafumns 
Fig. 1: a. Top view of (100) plane of (y0)z?2OT and the connection of vanadyal dimers; 
b. side view of the (100) plane shows the linkage between layers (Centi and 
Perathoner unpublished). 
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are trans to each other. The layers stack together through interlayer bonding formed by 
V=0~V=0 chains parallel to bent pyrophosphate groups. It is further suggested that 
catalytic active (VOyiPzOj is characterized by a preferential exposition of the (010)* plane. 
SEM micrographs showed that an active VPO catalyst has stacked layer parallel to this plane 
(12). A recent XPS smdy suggests that the surface PfV ratio (1.098-1.136 on (010) plane) is 
much closer to bulk PA^ ratio (1.00) than previously reported (1.5-2.0) (11). 
These evidences allow us to view the catalyst surface by simply truncating the bulk 
structure along (010) plane: coupled vanadyl groups are isolated from each other by 
pyrophosphate groups, half of which terminate as protonated orthophosphate moieties. Half 
of the surface V atoms are coordinately unsaturated, whereas the other half terminates in 
V=0 double bonds. This structure model is designated as Truncation C by Cavani and 
Trifird (Fig. 2a) (5) and has a surface P/V ratio around unity. This proposed model allows 
the isolation of active sites: four accessible vanadium pairs snrrounded by six P-OH groups 
that form a surface cavity. In Ebner and Thompson's model (7) the surface terminates with 
pendant groups of pyrophosphate (Fig. 2b). It was suggested that the adsorbed reactant 
molecules were converted to the final product in this cavity. It was also believed that active 
site isolation reduced the mobility of active surface oxygen and prevented over-oxidation of 
the products. 
The structure of ar, ctn-, and P-VOPO4 are also known. Different from (VO)2P207, 
these phases are built form single columns of VOe octahedra linked together through PO4 
tetrahedra. For ar, aii-V0P04, every PO4 tetrahedra shares its four oxygen atoms with four 
Also referred to as (100) plane by some authors. See pp. 263 in Reference 5 for explanation. 
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a. 
Fig. 2: a. Different truncations along (100) plane create surface with different P/V ratios 
(Reference 1.); b. Ebner and Thompson's mold (Truncation B) creates a cavity (Centi and 
Perathoner unpublished). 
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different VOe octahedra columns and those columns are parallel to each other. Their 
structures differs in the relative position of V=0 as compared to the neighboring PO4 groups: 
the vanadium and phosphorus atoms are on the same side of the equatorial oxygen atom 
plane in arV0P04 while in an-V0P04 they lie on the alternate sides. P-VOPO4, on the 
other hand, has two of its four PO4 oxygen atoms shared with two neighboring VOg 
octahedra in one column and other two oxygen shared with two different VOg columns. As a 
result, P-V0P04 does not have a layered structure. 
The structural frameworks of 5- and y-V0P04 have not been solved. Bordes (8) 
proposed that the structural building blocks of these two crystals are edge-sharing distorted 
VOfi octahedra pairs and PO4 tetrahedra based on the fact that these catalyst can be obtained 
by calcination of VOHP04*0.5H20 in air. Ben Abdelouahab et al. (9) suggested that the 
structures for 5- and y-V0P04 are similar to a-V0PO4 phases with only different 
arrangements of the VOe and PO4 units, citing the fact that all ar, ctn, 5- and y-V0P04 have 
the same hydration product: V0P04*2H20. 
The Dynamics of the VPO Catalysts 
The catalytic behavior of the VPO catalysts varies according to their differences in 
compositions (e.g. PfW ratios), precursor preparation methods (e.g. aqueous vs. organic 
media), activation procedures (e.g. calcination in air vs. in butane flow), and aging 
procedures (e.g. various times on stream) (4). Presumably the differences are due to 
variations in morphology and topology of the resulting catalysts. However, it is generally 
agreed that (VO)^?!©? is the active and selective component in converting n-butane into 
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maleic anhydride under steady state conditions (10). The phase transformations from 
phases and the evolution of fresh VPO catalyst into (yoyiJ^zOj has recently been confirmed 
by both XPS (11) and electron microscopy smdies (12). The latter shows the reordering of 
the amorphous surface layer into layered structure of (VOaPiOr as its time on stream 
increases, with paralleling increase in the selectivity toward maleic anhydride under steady 
state condition. In DuPont's Circulating Huidized Bed (CFB) process, the catalyst is 
operated under unsteady stale conditions. The result of XRD characterization of the catalyst 
after its two months' service in CFB reactor showed that (VO)2P207 was the only crystalline 
phase in the catalyst (13). Nevertheless, phase transformations between V** and V^as well 
as among phases under various conditions have been reported. A detailed review of this 
topic can be found in "Introduction" of Chapter 4. 
The result of studies in VPO structural alterations depicts that it is the surface layers 
of the catalyst which interact with n-butane and oxidize it into maleic anhydride during the 
reaction. The catalyst surface can undergo dynamic changes, e.g. phase transformations if 
the characteristic time scale of process transients is comparable to that of surface 
reconstruction. However, under reported transient operation conditions, e.g. up to 4 min in 
both reduction and reoxidation steps (14), this kind of solid state rearrangement is probably 
limited to the catalyst surface. Therefore, spears to be an appropriate starting 
point to analyze the interaction between the VPO catalyst and the reactants under both steady 
and unsteady state operation conditions. 
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Reaction Mechanism 
Functionality of the Active Sites 
Reference 5 provides a comprehensive review of the proposed active sites on 
(VO)2p207 surface and the nature of these sites published in the literature before 1994. They 
are summarized in Table 1(5). The current survey will focus on the information published 
more tecendy. 
Table I. Type of active sites hypothesized to be present at the surface of (VOhPiO? 
Lewis acid sites 
Br0nsted acid sites 
One-electron redox couple; 
Two-electron redox couple: V^/V^ 
Bridge oxygen in V-O-V and V-O-P groups, or triply-bridged oxygen in VO(P)V 
Terminal oxygen in (V=0)^, (V=0)""^ 
Adsorbed molecular oxygen as ri'-peroxo and rj^-superoxo species 
Lewis acid sites 
It is believed that the unsaturated vanadium (IV) ions form Lewis acid sites on 
(V0)2P2O7 (15). Lewis acid sites are thought to be responsible for the activation of C-H 
bond in n-butane. Busca et al. proposed that the a or a* C-H orbitals interact with the d-type 
orbitals of a transition metal cation in which two electrons flow from the hydrocarbon to the 
cation, leaving a proton and a carbocation (16). It is in agreement with Centi and his 
coworkers' model in which Lewis sites abstract, simultaneously with an basic oxygen (triply 
bridged oxygen V-O/^-V), two hydrogen from two CH2 groups of n-butane via a concerted 
mechanism, as shown in Fig. 3 (5). The activation of C-H bonds is generally believed to be 
the rate-determining step in n-butane selective oxidation under steady state conditions. 
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Fig. 3. a-Butane activation by concerted H-abstraction on (VOhPzOr and oxygen restoration 
(Reference 1). 
Br0nsted acid sites 
P-OH groups are proposed to be surface Br0nsted acid sites (15). As mentioned in 
the previous discussion (5), they may form a shallow surface cavity with the vanadium dimer 
pair on its bottom. P-OH groups are considered to facilitate the migration of hydrogen atoms 
through water elimination (7). (VO^PiO? with deactivated Bronsted acid sites can not 
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convert butane to maleic anhydride in the presence of gaseous oxygen (17). There might be 
two reasons for this activity loss: a) the deactivated P-OH groups fail to provide oxygen 
atoms to form maleic anhydride, and b) the deactivation of P-OH groups delays the removal 
of hydrogen and the delay changes the relative rate of hydrogen abstraction vs. oxygen 
insertion. 
T]^-peroxo and ri~-superoxo species 
Schi0tt et al. (18) suggested that oxygen molecules can adsorb on Lewis acid sites to 
form Ti'-peroxo and Ti"-superoxo species (Rg. 4). Based on extended Huckel calculation, 
they concluded that the energetic and geometric favorable approach is for 1,3-butadiene to 
interact with the terminal oxygen in V=0 group m a [2+4]-like concerted mechanism to form 
2,5-dihydrofuran. The generated dihydrofuran is further oxidized by adjacent ri^-peroxo and 
Tj'-superoxo species to form lactone or maleic anhydride (19). 
Agaskar et al. (20) combined Schi0tt's model with the concept of site isolation and 
redox cycle. They suggested that there are four types of vanadium dimer pairs with different 
oxidation states which involve in the catalytic redox cycle (Fig. 5). S3 sites are similar to the 
T]^-peroxo and T]^-superoxo sites proposed in Schi0tt's model (18,19). The vanadium ions on 
these sites have a chemical valance of V^. S3 sites are responsible for converting n-butane 
to 13-butadiene through hydrogen abstractions. The resulting 1,3-butadiene further inter3u:ts 
with S3 sites and is converted to maleic anhydride following the mechanism similar to that 
proposed by Schi0tt. After the desorption of maleic anhydride, the S3 sites are reduced to the 
So sites (V^. The So sites can react with oxygen atoms to form Si (V^ or with oxygen 
molecules to form Sz (V* and V^. The Si sites can further be converted to the S3 sites by 
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o/ 
a 
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Fig. 4. Proposed oxiation of adsorbed 2,5-dihydrofuaran by ri'-peroxo after the formation 
2,5-dihydrofuran by oxygen insertion into 1,3-butadiene (Reference 18). 
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Fig. 5. a. Transformation pathways linking the four distinct states of the active site and the 
associated substrate reactions; b. Surface dynamics of conversion of n-butane to maleic 
anhydride on the four-fold cluster of active sites on (VOhPzO? (Reference 22). 
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adsorbing molecular oxygens. The S3 sites can also be restored by oxygen transfer between 
two adjacent S2 sites. Ii brief, S3 sites are the active sites in converting n-butane to the 
product while other sites react with oxygen to form S3 sites. 
species 
It is a generally held opinion that the most selective VPO catalyst has a chemical 
valance of vanadium slightly over +4. This indicates that the presence of certain amount of 
species is necessary for a selective catalyst. Coulston et al. (21), using in situ X-ray 
absorption spectroscopy, showed that maleic anhydride can only be produced when there was 
species in the catalyst. In their experiment, after signal decayed, signal began to 
grow while no more maleic anhydride was produced. Although it didn't solve the problem 
concerning redox couples, this study monitored the dynamics of V^, V^, and species 
simultaneously and directly related the states of vanadium ions to the product kinetics. 
P-O-V sites 
Lashier and Schrader smdied the Raman spectra of labeled P-VOPO4 (22) and 
(VOiPiOt (23) and discovered that was preferentially incorporated into certain P-O-V 
sites. The production of n-butane oxidation over labeled P-VOPO4 such as maleic 
anhydride, carbon oxides, were analyzed using mass spectroscopy. The content was 
significantly higher in maleic anhydride than in CO2. The authors suggested that P-O-V 
sites were responsible for converting furan-Iike intermediates into maleic anhydride (Fig. 6). 
More recently, Numata and Ono (24) implanted '^O into P-V0P04by reaction under a I-
butene/'^Oa mixture or 1-butene - '®02 feed step change. Their analysis of obtained Raman 
spectra also supported that P-O-V sites are responsible for reoxidation. Using in situ 
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environmental high-resolution electron microscopy, Gai and Kourtakis (25, 26) observed 
defects nucleated at the surface of (V02)P207 and extended into the bulk when the catalyst 
was treated with either n-butane, H2, He, N2 or steam. The generation of these defects was 
attributed to oxygen vacancies due to the loss of P-O-V oxygen. Local glide shears in 
<201 > directions were formed to reduce the misfit strain. After prolonged reaction under 
reducing atmosphere, an anion-deficit superstructure can be formed. In addition, the 
structural defect density was significantly lower in n-butane/Oa mixture, which may suggest 
that gas phase oxygen replenished the P-O-V oxygen vacancies. 
To summarize the current status of the research concerning the nature of active sites, 
the following statements can be made: 
1. The adsorbed ionic oxygen species such as O2* or O" have very high oxidative 
activity and are considered to be responsible for the total degradation of the 
hydrocarbon (5, 27). The suggested role and even the existence of r|'-peroxo 
and T]"-superoxo species need further verification. 
2. species might be important in catalytic conversion of n-butane to maleic 
anhydride. Reduction of the catalyst generates V^"*" species. Yet it is unclear 
if species is involved in the reaction operating under near stoichiometric, 
steady state conditions. 
3. There is no agreement on whether or not the oxygen-containing sites, e.g. P-
OH, PO4, P-O-V, V=0, V-O/^-V, provide lattice oxygen to the reactant. It 
is even more difficult to identify which one is responsible for a specific 
reaction step. 
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Fig, 6. Proposed function P-O-V oxygen in n-butane conversion to maleic anhydride 
(Reference 24). 
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Reaction Pathway 
Although few chemicals other than maleic anhydride and carbon oxides have been 
detected under commercial reaction condidons, a complex reaction pathway from n-butane to 
maleic anhydride must involve many elementary steps and intermediates. The lack of the 
intermediate desorption is attributed to the fast reaction rates of the elementary steps 
following butane activation. With the support of some experimental evidences, butene, 1,3-
butadiene, fiiran, unsaturated lactone are suggested to be intermediate products in the n-
butane oxidation over VPO. The reaction pathway is described in Table 2 (5). In order to 
identify the reaction pattern, studies have been conducted using suggested reaction 
intermediates. 
Table 2. Proposed Steps in the Oxidation of n-butane to Maleic Anhydride 
Reaction Type of Reaction 
n-butane —> butene Oxidative dehydrogenation 
butene -> butadiene AUyiic oxidation 
butadiene 2,5-dihydrofuran 1,4 oxygen insertion 
2,5-dihydrofuran —> furan AUylic oxidation 
furan lactone Electrophilic oxygen insertion 
lactone —> maleic anhydride Electrophilic oxygen insertion 
C4 olefins (butene and butadiene) are much more active than n-butane due to their 
possession of unsaturated bonds. The oxygen insertion on the adsorbed activated 
hydrocarbon is considered to be rate-determining in olefin oxidation (1). The kinetics of 1,3-
butadiene, furan and 2,5-dihydrofuran oxidation over (VO)!?!©? was smdied by Centi and 
Trifird (28). It was found that 1,3-butadiene could be converted at much lower temperatures 
than the temperatures at which n-butane oxidation would occur. At low temperatures 
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(<300®Q with low and moderate oxygen/butadiene rados (0.7 and 3.0), furan can be the 
major product of butadiene oxidation. Otherwise maleic anhydride was still the predominant 
producL Crotonaldehyde was the by-product in this reaction. Different from butane 
oxidation, it was shown that higher phosphorus content in the catalyst was detrimental for the 
selectivity in MA and furan formation. 
2,5-Dihydrofuran can react at even lower temperatures. The major products of its 
reaction were furan, maleic anhydride, and carbon oxides. Furan oxidation had higher 
selectivity to maleic anhydride than that of butadiene oxidation. Crotonaldehyde was not 
observed in fiiran oxidation. 
Based on these observations, it was suggested that the electrophilic oxygen insertion 
on the 1,4 position of butadiene forms ftiran-like ring species similar to what Schi0tt et. al 
have suggested in their model (18). It was also reported that 1,3-butadiene causes the 
deactivation of the catalyst (29), presumably due to blocking of active sites by the surface 
carbon residue. 
These differences between alkane and alkene oxidation can apparently be attributed 
to differences in their interactions with the VPO catalysL 1,3-Butadiene strongly adsorbs on 
the catalyst surface due to the formation of 7t-orbitals with surface metal cations. The high 
surface concentration of olefinic species induces: a) the adsorption of hydrocarbon on non-
active sites, b) the inhibition of oxygen chemisorption which may lead to catalyst 
deactivation, and c) the desorption of intermediate products (e.g. furan). 
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Abstract 
New information has been provided about the reaction pathway for n-butane partial 
oxidation to maleic anhydride over vanadyl pyrophosphate (VPO) catalysts using FTIR 
spectroscopy under transient conditions. Adsorption studies of n-butane, 1,3-butadiene and 
related oxygenates were performed to gain information about reaction intermediates, n-
Butane was found to adsorb on the VPO catalyst to form olefinic species at low temperatures. 
Unsamrated, noncyclic carbonyl species were determined to be precursors to maleic 
anhydride. 
Keywords: n-butane oxidation, VPO catalysts, transient FTIR, adsorbed intermediates 
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Introdnction 
The selective oxidation of n-butane to maleic anhydride over vanadium phosphorus 
oxide catalysts (VPO) has been studied for more than twenty years (1-4). Conmiercial 
technologies using fixed bed reactors, fluidized bed reactors, and more recently a circulating 
fluidized bed reactor have been developed (2). Despite the commercial success of this 
processing route, many aspects of the reaction mechanism are not well understood. 
Only very little byproducts other than carbon dioxide are produced under commercial 
reaction conditions (3). In laboratory studies, however, butene, 1,3-butadiene, furan, 
crotonaldehyde, and methyl vinyl ketone, etc. have been reported to be present in reactor 
effluents (4,5). Several general reaction pathways have been proposed based on these 
observations (3). A firequently cited reaction scheme involves the following steps (2, 3,4): 
n-butane -> butenes 1,3-butadiene -> 2,5-dihydrofuran -> fiiran -> 
2(5i?)-furanone —> maleic anhydride 
Typically, n-butane oxidative dehydrogenation to butenes has been suggested to be the rate-
limiting step. Oxidation of the butene isomers generates 1,3-butadiene which cyclizes upon 
oxygen insertion to form 2,5-dihydrofuran. According to this reaction pathway, furan is 
produced by further allylic oxidation. Oxygen insertion at the a-position of the furan ring 
generates 2(5H)-furanone; additional oxygen insertion at the a-position of 2(5fl)-furanone 
results in production of maleic anhydride. Noncyclic oxygenates, such as methyl vinyl 
ketone and crotonaldehyde, can also be formed but are believed to undergo complete 
oxidation (2, 3,4). 
This reaction pathway postulates the formation of cyclic oxygenates; however, other 
reaction intermediates have also been proposed which do not involve the formation of furan-
related cyclic species. Zhang-Lin et al. (6,7) studied the oxidation of n-butane, 1,3-
butadiene, fiiran, and maleic anhydride on various VPO phases. Maleic anhydride was 
observed to be formed from n-butane, while only a small amount of maleic anhydride was 
obtained from of 1,3-butadiene and furan molecular intermediates (6). Zhang-Lin et al. 
proposed a "alkoxide route" for maleic anhydride formation, in which adsorbed noncyclic 
species were the precursors to maleic anhydride (7). Ziolkowski et al. (8) examined the 
energetics and geometries of favorable pathways for n-butane and 1-butene oxidation on the 
(100) face of (VO)2P207. Analysis of the heats of reaction for each possible reaction step on 
the surface suggested that the intermediates in n-butane oxidation were noncyclic species 
anchored on the surface through Ctcmunai-Osurfece bonds. 
In situ spectroscopic investigations of surface species have provided important 
insights into the reaction intermediates for these reaction pathways. Fourier transform 
infrared (FTIR) spectroscopy is one of a few techniques capable of detecting surface 
compounds in heterogeneous reaction systems under reaction conditions (9). Several groups 
have performed in situ FOR studies to investigate n-butane oxidation on vanadium oxide-
based catalysts (10-19). Due to the complexity of the reaction on VPO catalysts, however, it 
is unlikely that siarface intermediates can be identified by FOR smdies using only n-butane. 
The general approach has been to perform FTIR studies for the adsorption of compounds 
expected to be related to surface species, such as 1-butene, 1,3-butadiene, furan, maleic 
anhydride, etc. devious studies have also emphasized steady-state adsorption or reaction 
conditions. These approaches have come under criticism in recent years, and with current 
advances in instrumentation, transient FTIR studies have now become possible. 
In our previous studies (10, 11), in situ FTIR smdies of n-butane, 1-butene, 1,3-
butadiene oxidation on VPO catalysts were conducted under steady state reaction conditions 
(1.5% hydrocarbon in air at various temperatures), bi all cases, bands at 1845 and 1775 cm ' 
(due to maleic anhydride) and a band near 1720 cm"' were observed. The later was attributed 
to maleic acid. Using additional information gained in adsorption studies of crotyl alcohol, 
maleic acid, crotonic acid, and maleic anhydride, a reaction scheme for 1,3-butadiene 
oxidation was proposed which involved an unspecified peroxide intermediate species (12). 
Puttock and Rochester (13) demonstrated the presence of both Lewis and Br0nsted 
acid sites on the catalyst surface by adsorption of water and pyridine. They further 
conducted infrared studies of the adsorption of carbon monoxide, carbon dioxide, acetic acid, 
acetic anhydride, 1-butene, 1,3-butadiene, furan, and maleic anhydride. Many spectral 
features were attributed to the interactions between acidic sites and adsorbates (14, 15). 
Baems and colleagues (16, 17) investigated the adsorption of l-butene, 1,3-butadiene, 
furan, 2(5H)-furanone, and maleic anhydride on supported VPO catalysts. Adspoption 
modes for each adsorbate was proposed. Their analysis favored the argument that furan and 
2(5ii0-furanone retained their ring structure and were directly oxidized to maleic anhydride. 
Busca and Centi (18) smdied n-butane adsorption on the surface of (VO)2P207. In 
addition to major bands at 1780 and 1620 cm"', a shoulder band at 1710-1720 cm"' was 
reported which was attributed to a 2(5if)-furanone-like (lactone) species. Studies of the 
adsorption of 1-butene, fiiran, and dihydrofuran were also performed. A reaction scheme 
was proposed in which fiiran and 2(5/0-fiiranone were the major intermediates. Later, Busca 
et al. (19) studied 1,3-butadiene adsorption of V205-Ti02, and the results suggested the 
existence of similar reaction intermediates. 
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Table 1 summaries the observed IR bands and then* assignments as reported in these 
smdies (10-19). Bands at 1850 and 1775 cm"' have been used to confirm maleic anhydride 
formation by oxidation of n-butane and other hydrocarbons. Detection of bands near 1715 
and 1620 cm"' has also been reported, but their assignment has been less clear. Several 
possible intermediates, such as surface-bound ftiran or lactones, have been suggested. In 
general, the observation and/or interpretation of the spectra has not been consistent among 
the researchers working in this area, and a convincing reaction pathway has not been 
developed from the FTIR studies. 
In our current research, transient operation techniques including pulse reaction studies 
and reactant feed cycling have been utilized to induce a departure from steady state 
operation. These techniques provide an opportunity to explore the reactivity of intermediates 
and the surface species. Computer simulations have demonstrated that the concentration of 
surface species under transient operation conditions can be significantly different fi-om that 
under steady state conditions (20). Therefore, transient IR studies may reveal surface species 
that are difficult to detect under steady state conditions, such as reaction intermediates which 
are transformed very rapidly. 
Rypgrimental Procedure 
Catalyst Preparation and Characterization 
The current study used an activated vanadyl pyrophosphate (VPO) catalyst prepared in 
an organic medium by DuPont (21). The catalyst was prepared by reacting vanadium 
pentoxide and anhydrous phosphoric acid in isobutanol and benzyl alcohol. Following the 
reaction, VO(HP04)*0.5H20 was precipitated and dried at ICWC. Calcination was 
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performed at 400®C in a N2-O2 flow, and the catalyst was activated in a reaction atmosphere 
at 450®C. Laser Raman, XRD, and infrared spectroscopic characterization revealed that only 
the vanadyl pyrophosphate phase, (V0)2P2O7, was present. The surface area of the catalyst 
as measured by BET methods was 23 m"/g. 
Catalyst Wafer Preparatioa and Pretreatment 
Polished stainless steel dies were used to press the catalyst powder under a load of 
15,000 lb. The resulting catalyst wafer had a diameter of 20 mm, a thickness of 0.1 mm (or 
less), and a weight of about 50 mg. The catalyst wafer was transferred to a sample holder 
and placed in the FTIR cell (Fig. 1). Unless indicated by the catalyst pretreatment procedure, 
wafers were exposed to a nitrogen flow (50 ml/s) at 3(X)''C for 4 hr in the FTIR cell. Bands 
due to adsorbed water (near 1620 cm"' and 3100-36(X) cm ') were largely removed by this 
procedure. 
Fourier Transform Infrared Spectrometer 
A Nicolet Model 60-SX FTIR spectrometer was used in these studies. Typically 100 
scans were collected at 4 cm ' resolution in about 40 seconds. For the reaction smdies 
reported here, the time that elapsed between individual spectral acquisitions was 1 minute. 
For the adsorption studies, the time intervals were usually longer. Unless indicated, the 
spectmm of the pretreated catalyst at the given temperature has been subtracted for spectra 
presented in this paper. Since the transient studies did not alter the stmcture of the catalyst, 
spectral bands were due to the adsorbed or gas-phase species. 
FTIRCeU 
The design of FTIR cell is shown in Fig. I. The cell body was constructed from a 
stainless steel cylinder 40 nun in length with four Swagelok® 1/8" fittings welded 90° apart. 
The top and bottom fittings were the gas inlet and outlet respectively; the third fitting was 
connected to a vacuum line. The fourth fitting allowed the insertion of a 0.040" 
thermocouple (Omega Engineering) close to the catalyst surface. At the center of the cell 
chamber, a ring groove tightly held the stainless steel catalyst sample holder. Two 38 mm x 
6 mm KBr windows (Litemational Crystal Laboratories) were used as primary windows. 
Two 25.2 mm x 5 nam iCBr windows were used as secondary windows. Brass end caps 
pressed the KBr windows against ±e window mounts which were constructed from Macor® 
machinable glass ceramic (Technical Products). Kalrez® O-rings (DuPount Dow 
Elastormers) were used to seal the windows. The optical path length between inner surfaces 
of the secondary windows was 20 mm. The cell was heated by resistance heating wire 
(Omega Engineering) which was embedded in electric heater cement (Sauereisen). The cell 
could be heated to 4(X)°C and evacuated to 10"^ Torr. 
Gas and Liquid Delivery System 
A gas delivery system was used to direct ultrapure N2 carrier gas or a 10% oxygen -
90% Nigas mixture into the cell. Research purity n-butane and 1,3-butadiene (Matheson) 
were used as hydrocarbon feeds. Moisture traps, oxygen traps, and CO2 traps were present. 
Tylan® mass flow controllers were used to regulate the flow. The system could deliver a 
continuous flow of C4Hn/02/N2, C4Hn/N2, O2/N2, or N2; or, step changes between C4Hn/N2 
and O2/N2 could be introduced. The flow rate of O2/N2 or pure N2 was 50 ml/s for all 
studies. Liquid samples (20 |il) were introduced into the system by syringe injection into a 
Swagelok® 'T" installed on the gas line. Direct injection into the cell was also used. Solid 
samples were vaporized and introduced into the cell. All chemicals used in adsorption 
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studies (except for n-butane and 13-butadiene) were purchased from Aldrich (purity 
typically above 95%). 
Reaction and Adsorption Studies 
Reaction and adsorption studies differed in the method of feeding the reactant. Prior to 
the transient studies, the FTIR cell was operated as a continuous flow microreactor. The 
concentration of n-butane and 1,3-butadiene was 5 moI% in Na, and the concentration of 
oxygen was 10 mol% in Nj. Step changes consisting of C4Hn/N2 vs. O2/N2 were performed 
using the above mentioned gas delivery system. For the adsorption studies, compounds were 
injected into the system using a syringe. The behavior of adsorbates in the presence of N2 or 
O2/N2 was then observed. For a gas flow rate of 50 ml/s, the residence time in the empty cell 
was less than 1 minute. 
Results 
A large number of spectra have been collected in our current studies, and the results 
were reproducible; only representative spectra have been presented in this paper. Unless 
otherwise indicated, the spectra displayed in each figure have the same intensity scale. 
Before analyzing the results of these studies, some general observations about the 
interpretation of the spectra can be made. 
For FTIR studies using (VO)2P207, only bands above 13(X) cm"* are observable due to 
strong adsorption by the catalyst in the region below 1300 cm*'. In previous smdies, bands 
present in the region of 13(X)-20(X) cm"' have been examined most extensively. Bands near 
1850 and 1775 cm*' are characteristic of the symmetric and asymmetric stretching vibrational 
modes of carbonyl groups for cyclic dicarbonyl compounds (22). The carbonyl groups of 
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saturated aliphatic ketones (e.g. acetone, ethyl methyl ketone) have a stretching vibrational 
band at 1715 cra'^ A variety of factors will cause ±e band position of carbonyl groups to 
shift (22,23). For the studies reported here, the following guidelines can be used. A 
neighboring electron-withdrawing group or a strained ring will cause carbonyl stretching 
bands to be present at higher frequencies; a neighboring electron-donating group will make 
this band appear at lower firequencies. For example, the bands near 1715 cm"' are typically 
due to the stretching vibration modes of carbonyl groups for saturated aliphatic ketones. A 
shift of the band from this position could result from interaction with the catalyst or could be 
due to formation of a strained ring. In regard to other surface species, alkenes may form n-
complexes with the surface cations, and the band for vc=c may be at lower positions than 
typical gas-phase species (1670-1640 cm''). The magnimde of the shift can be in the range 
of 10-100 cm"' (24). Conjugation of unsaturated C=C bonds also lowers the position of this 
band. For example, vc=c for 2-butene is at 1660 cm"' (25) while that for 1,3-butadiene is at 
1587 cm"' (26). 
n-Butane 
Reaction smdies of n-butane involving step changes and continuous flow were 
performed at several temperatures from room temperature to 350''C. Fig. 2 shows the 
spectra collected at 50''C under step change conditions (Fig. 2a-c in C4H10/N2; Fig. 2d-f in 
O2/N2). Each step lasted about 3 minutes, and the time for each collection was less than 1 
minute. Strong bands near 1466 and 1392 cm*' were due to gas-phase n-butane 
(asymmetrical and symmetrical CH3 deformations, respectively). Bands near 1720 and 1620 
cm"' were prominent during the experiment Bands at 1637, 1620 and 1608 cm*' were 
apparent in Fig. 2a. The 1608 cm"' band became more intense during the C4H10/N2 step and 
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obscured neighboring bands at 1637 and 1620 cm*' (Fig. 2b, c). The maximum for these 
broad bands shifted to near 1615 cm*' in the O2/N2 step (Hg. 2d-f). These bands can be 
attributed to vc=cof adsorbed olefinic species. The difference in their positions may due to 
the presence of single C=C bonds (e.g. butene) or conjugated (e.g. 1,3-butadiene) C=C 
bonds. Adsorbed water also exhibits a band centered at about 1620 cm*' (13), and water is a 
product of hydrocarbon oxidation. The bands around 1620 cm*' can be partially attributed to 
adsorbed water. This assignment has also been supported by the observation of -OH 
vibrations near 3500 cm"'. Broad bands in the region of 1750-1690 cm"' (peaks 
approximately at 1728 and 1713 cm*') were also observed. These features were present in 
spectra obtained in the C4H10/N2 step, but clearly became more intense in the O2/N2 step. 
Assigmnent of these bands to the carbonyl stretching vibration of noncyclic species is 
appropriate, as discussed previously. (As reported in the following discussion, the adsorption 
of noncyclic carbonyl species such as ethyl methyl ketone, butyraldehyde, methyl vinyl 
ketone, and crotonaldehyde all resulted in major carbonyl stretching bands near 1720 cm"'.) 
Fig. 3 provides spectra obtained at 2(X)''C, with Fig. 3a-c collected in the C4H10/N2 step 
and Fig. 3d-f collected in the O2/N2 step. Fig. 3g-I were obtained in a second similar 
C4H10/N2- O2/N2 cycle. In the first C4H10/N2 step (Fig. 3a-c), bands at 1465 and 1396 cm"' 
were due to gas-phase n-butane; the presence of gas-phase 1,3-butadiene was revealed by the 
doublets at 1830 and 1808 cm"' and at 1605 and 1585 cm*' (27). Bands around 1777, 1723, 
and in ±e region of 1680-1660 cm"' were apparent after two minutes in the reaction (Fig. 3c-
I). In the first O2/N2 step (Fig. 3d-f), bands due to gas-phase n-butane and 1,3-butadiene 
diminished, while the bands near 1777 cm*' intensified significantly. In the second cycle 
(Fig. 3g-I), bands at 1777,1723, 1658 and 1598 cm*' became more intense. Di the O2/N2 step 
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of the second cycle (Rg. 3j-i), the band at 1854 cm*' became evident. The associated bands 
at around 1854 and 1777 cm'' indicate the generation of maleic anhydride. 
The results of additional smdies performed at 3(X)°C are illustrated in Hg. 4, in which 
the catalyst was first treated with C4H10/N2 for 1 minute and then was exposed to Oa/Ni. The 
spectra collected immediately after the adsorption (Fig- 4a) showed two major bands at 
around 1718 and 1607 cm"' with a shoulder present at 1777 cm"'. The relative intensity 
between the 1718 cm"' band and the 1777 cm*' band reversed as a function of time. A band 
at 1685 cm"' became apparent after about 7 min (Fig. 4c); the 1777 cm"' band and its 
shoulder band at 1845 cm*' clearly were more mtense in the last spectrum (Fig. 4g). The shift 
in the position of the 1607 cm*' band to 1595 cm*' may be explained by the presence of more 
maleic anhydride on the surface which has a vc=c in the region of 1600-1590 cm"' (28). 
Wenig and Schrader (10) reported spectra for steady state reaction of n-butane on VPO 
catalysts with V/V ratios of 0.9, 1.0, 1.1 at various temperatures. Bands near 1720 and 1620 
cm"' were observed in all smdies. The 1720 cm"' band was already present at 100®C and 
200°C, but bands indicating formation of maleic anhydride were not observed under these 
conditions. The 1720 cm*' band was a major band in most of the spectra presented. FTIR 
spectra of n-butane and 1-butene adsorption on (VO)2P207 reported by Busca and Centi (18) 
were similar. Bands at 1710-1720 cm"' and 1620 cm*' were observed upon hydrocarbon 
adsorption. Bands characteristic of maleic anhydride at 1850 and 1780 cm"' were detected 
and became more intense after oxygen was introduced at higher temperatures. 
1^-Butadiene 
Fig. 5 shows the spectra collected at ICWC during 1,3-butadiene step-change reaction 
studies. Doublets at 1829 and 1810 cm"' and at 1605 and 1587 cm"' were due to gas-phase 
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l,3-buta(iiene. The broad shoulder band in the region of 1390-1370 cm"' was also partially 
attributed to gas-phase 1,3-butadiene which has a doublet at 1390 and 1371 cm"' (in-plane 
bending vibration of terminal vinyl group 5=ch2). A broad band with three maxima at 1550, 
1487 and 1466 cm"' could be observed. The relative intensity between the 1487 cm"' and 
1466 cm"' bands changed as the reaction proceeded. This phenomenon was persistent in 
smdies at temperatures of 250®C and below. The band at 1550 cm"' may be ascribed to the 
asymmetric double bond stretching mode of furan (V14). The band at 1487 cm"' was due to 
the ring "breathing" mode (V3) of furan, and the 1466 cm"' band was attributed to a 
combination tone of ring bending modes of furan (vg + V21) (29,30). It should be noticed 
that n-butane adsorption also exhibited bands at 1466 and 1392 cm"' (Rg. 2), but they were 
due to methyl deformation modes of n-butane. At 100®C, adsorption of 1,3-butadiene did not 
result in the formation of maleic anhydride. 
Fig. 6 shows the spectra collected at 3(X)°C during step change reaction studies. Fig. 
6a-f were collected in the first C4H6/N2 - O2/N2 cycle (Fig. 6a-c in the C4H6/N2 step and Fig. 
6d-f in the O2/N2 step). Fig. 6g-i were collected in the O2/N2 step of the third C4H6/N2 -
O2/N2 cycle. Bands at 1830, 1808, 1604, and 1584 were again due to gas-phase 1,3-
butadiene; a shoulder band at 1700-1720 cm*' intensified quickly in the first C4H6/N2 step 
(Fig. 6a-c). The band near 1773 cm*' was detectable in the following O2/N2 step (Fig. 6d-f). 
After three C4H6/N2 - O2/N2 cycles, the bands near 1773 and 1712 cm"' were clearly 
prominent (Fig. 6g-i). 
1,3-Butadiene oxidation on VPO catalysts of different PA/^ ratios at 300°C was 
reported by Wenig and Schrader (11). An intense band with two maxima at 1720 and 1690 
cm"', which was apparently due to carbonyl stretching vibrations of noncyclic species, was 
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observed to coexist with bands attributed to maleic anhydride. Ramstetter and Baems (16) 
reported a band in this region at 1680 cm"'. For 1,3-butadiene adsorption and oxidation on 
V205-Ti02 studied by Busca et al. (19), the following spectral features were observed; bands 
at 1490 and 1455 cm*' (attributed to molecular furan), a strong band at 1560 cm'* (assigned 
to perturbed fiiran), a band at 1720 cm"' (vc=o), bands at 1870 and 1790 cm"' (assigned to 
maleic anhydride), and bands at 1540 and 1440 cm"' (attributed to carboxylate ions). Aside 
from bands due to carboxylate ions, the band positions which were detected were at similar 
positions to those for our current study. 
2^-Dihydrofuran and 2^-Dihydrofaran 
Spectra for the adsorption of 2,5-dihydrofuran at 100°C are shown in Rg. 7. 
According to Klots and Collier (31), liquid-phase 2,5-dihydrofuran exhibits bands at 1777 
(vw), 1694 (vw), 1618 (w), 1587 (w), 1483 (w) and 1345 cm"' (m); liquid-phase 2,3-
dihydrofuran has bands at 1837 (w), 1766 (w), 1735 (w), 1619 (s), 1590 (sh), 1453 (w) and 
1375 (mw). Most of spectral features in Hg. 7a — the bands at 1844, 1776, 1739, 1621, 
1580, 1479, and 1350 cm"' — were attributed to 2,3-dihydrofuran. The band at 1726 cm"', 
which increased while other bands due to the dihydrofurans decreased, was characteristic of a 
noncyclic carbonyl species. This indicated that dihydrofuran experienced ring cleavage to 
form carbonyl species after adsorption. 
The adsorption of 2,5-dihydrofuran at 300''C rapidly generated bands near 1784, 1617 
cm"' with two shoulder bands around 1705 and 1487 cm"' (Fig. 8). As observed in n-butane 
and 1,3-butadiene adsorption studies at 300®C, the 1784 cm"' band became more intense as 
the reaction continued while other bands diminished in intensity. The band near 1705 cm"' 
was more apparent in the first spectrum and became obscured as the 1784 cm*' band became 
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more prominent The spectra of 2,5-dihydrofuran on presented by Busca and 
Centi (18) also exhibited a band at 1715 cm"' together with bands at 1840, 1780, and 1620 
cm'^ 
The adsorption of 2,3-dihydrofuran at 150®C also resulted in the formation of the band 
at 1725 cm"' which increased in intensity with time (Rg. 9a-d). Bands at 1772, 1617, 1453, 
and 1357 cm"* in the early spectra were due to molecular 2,3-dihydrofuran. These bands 
decreased in intensity compared to the bands near 1725 and 1695 cm"' which were indicative 
of noncyclic species formed by ring cleavage. After the sample was held at 150°C for 30 
min, the reaction temperature was slowly raised to 300°C over one hour [the generation of 
water resulted in increased "noise" in the region of 1650-1400 cm"' (Fig. 9e-h)]. At higher 
temperatures, bands due to maleic anhydride (1843 and 1778 cm*') emerged and became 
more intense. The apparent shift of the 1725 cm"' band into the region of 1740-1730 cm ' 
may be partially attributable to the formation of maleic anhydride which has a shoulder band 
near 1750 cm"'. 
Furan 
The adsorption of furan at 100°C on vanadyl pyrophosphate is shown in Fig. 10. The 
bottom spectrum was collected directly after injection of vapor phase furan. The strong band 
at 1484 cm"' was due to the furan ring 'Tireathing" mode (V3), and the band near 1577 cm"' 
was assigned to the combination of the bending vibrations for fiiran ring (V19 + V20) (29). The 
weak bands at 1871, 1851, and 1774 cm"' could also be associated with molecular adsorption 
of furan. The broad band centered at 1714 cm*' in the bottom spectrum (Fig. 10a) was 
ascribed to overtone and combination bands of the bending vibrations of the ring and C-H 
bonds (29, 30). Upon exposure to O2/N2, bands due to gas-phase furan at 1577 and 1484 cm"' 
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disappeared quickly; weak bands around 1559, 1494, and 1458 cm*' in ±e later spectrum 
were due to siirface-bound fiiran species. However, the broad band around 1717 cm ' 
persisted and became the major feature. This band was not attributable to molecular furan 
since it should have decreased in intensity together with the 1577 and 1484 cm"' bands. 
Assignment to a noncyclic carbonyl species was more appropriate. 
The adsorption of furan at 300°C resulted in bands at around 1786, 1723, 1550, 1488, 
and 1453 cm*' (Fig. 11). The 1550, 1488, and 1453 cm"' bands were due to surface-bound 
furan molecules. After 3 hours, the 1858 cm"' band was more distinct, the 1786 cm"' band 
was stronger, and the bands due to firan (1550, 1488, and 1453 cm"') decreased. Two new 
maxima at 1611 and 1428 cm*' were formed which may be due to adsorbed species with C=C 
double bonds and carboxylate species, respectively. 
Ramstetter and Baems (16) smdied the adsorption of furan on an alumina-supported 
VPO catalyst. Because of changes in the relative intensities of the 1490 and 1455 cm"' 
bands, an addition complex of the fiiran ring at the a-position to the catalyst was believed to 
exist on the catalyst surface. A broad band in the region of 16(X)-1550 cm*' was also 
prominent. More importantly, a band at 1690 cm"' was formed upon adsorption which was 
likely due to a carbonyl species, another smdy performed by Do and Baems (17), the 
1690 cm*' band was also observed and was assigned to an a,p-unsaturated aldehyde. 
2(5fl)-Furanone 
Spectra for the adsorption of 2(5i!0-furanone at 100°C are shown in Fig. 12. The split 
carbonyl stretching bands at 1777 and 1741 cm*' are observed typically for unsaturated five-
membered ring lactones in which the double bond is conjugated with the carbonyl group 
(32). The treatment in O2/N2 at lOCC eventually resulted in the disappearance of these two 
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bands. A broad band in the region of 1740-1690 cm*' was evident which was characteristic 
of noncyclic carbonyl compounds. 
The adsorption of 2(5i?)-ftiranone at SOCC instantly generated an intense peak at 
1793 cm"' with a shoulder band near 1716 cm"' (Fig. 13). Maxima near 1622 (vc=c), 1559 
(Vas.coo"), and 1420 cm*' (Vs, coo") were also observed. At longer time periods, the intensity 
of the 1793 cm*' peak decreased while the intensities of ±e 1783 cm*' band and its 1850 cm"' 
shoulder band increased. Formation of maleic anhydride was indicated. 
Ramstetter and Baems (16) also smdied 2('5H)-furanone adsorption on a supported 
VPO catalyst Other than bands due to molecular and surface-bound 2('5/f>furanone, a 
broad band (maxima at 1705 and 1690 cm"') was detected at lOO^C which was assigned to 
aldehyde species. 
y-Batyrolactone 
Hg. 14 shows the evolution of spectra following the adsorption of y-butyrolactone. 
The bands at 1813 and 1749 cm"' were due to the carbonyl stretching mode of y-
butyrolactone. The band at 1699 cm"' was attributed to the formation of a noncyclic carbonyl 
species. The band in the region of 1640-1620 cm*' was likely due to generation of C=C 
bonds or water. Bands due to molecular y-butyrolactone decreased with time while the 
noncyclic carbonyl stretching band (-1699 cm"') became dominant in the later spectra. 
There was no evidence for the formation of maleic anhydride (bands at 1850 and 1780 cm"'). 
5-Hydroxy-2(5fl)-Furanone 
The result of 5-hydroxy-2(5^0-ftiranone adsorption at 200''C is shown in Rg. 15. 
Three major bands were observed at 1800, 1756, and 1707 cm"' with a shoulder band at 1729 
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cm*': all of these bands are in the carbonyl stretching vibration region. The first two bands 
are likely due to carbonyl stretching modes of 5-hydroxy-2(5i?)-furanone. The bands near 
1729 and 1707 cm*' were due to the noncyclic carbonyl compounds generated in the reaction. 
The 1800 and 1756 cm"' bands diminished quickly, and the band at 1707 cm*' was very 
intense in the beginning but slowly became less apparent Similar behavior was observed for 
the bands at around 1564 and 1405 cm*' which were attributed to carboxylate species. For 
adsorption smdies at 100°C — 250®C, prolonged adsorption of 5-hydroxy-2(5H)-furanone did 
not produce a detectable amount of maleic anhydride. 
Maleic Anhydride 
The adsorption of maleic anhydride on the catalyst at lOO'C is shown in Fig. 16. The 
bands near 1851, 1795-1773 cm*' and a shoulder band at 1754 cm"' were due to maleic 
anhydride (28). The bands at around 1683 (shoulder), 1565, 1451 cm"' were the result of 
transformation of the adsorbed species. The shoulder band near 1683 cm*' was more 
discemable in the later spectra when the 1780 cm*' band had substantially decreased in 
intensity. The 1683 cm"' band was likely due to a surface-bound aldehyde complex. The 
1565 and 1451 cm*' bands corresponded to the asymmetric and symmetric vibration of 
carboxylate ions (33). At higher temperatures (e.g. 200®C), the decomposition of maleic 
anhydride was more rapid. 
Adsorption studies of maleic anhydride by Puttock et al. (15) and Wenig et al. (12) 
provided little information due to the interference from the strong adsorption bands of the 
VPO catalyst. However, bands due to maleic anhydride and carboxylate ions could be 
detected. In the studies by Baems et al. (16, 17), the 1720 cm"' band and a shoulder at 1680 
cm"' were observed. 
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Ethyl Methyl Ketone and Butyraldehyde (C4HgO) 
The adsorption of ethyl methyl ketone at 3(X)°C (Hg. 17) resulted in the rapid 
observation of a carbonyl stretching band at 1724 cm*\ a C=C stretching band at 1620 cm*', 
and a band in the region of 1790-1770 cm*^ (characteristic of maleic anhydride). As reaction 
continued, the bands near 1780 and 1850 cm"' were became dominant while the 1724 and 
1620 cm"' bands decreased accordingly. The band around 1427 cm"' indicated the generation 
of carboxylate species. 
Fig. 18 provides spectra for butyraldehyde adsorption on the catalyst at 300°C. The 
1752 cm*' band originated from butyraldehyde whose carbonyl-stretching band was at a 
higher position than ketones (22, 23). The band at around 1620 cm*' was ascribed to the 
C=C stretching mode. The band near 1712 cm*' likely resulted form a carbonyl group 
conjugated with the C=C bond, the earlier spectra, the 1752 cm*' band decreased while 
the 1712 cm"' band grew which indicated the formation of an unsaturated carbonyl 
compound. Later in the reaction, the growth of the maximum at 1773 cm"' indicated the 
formation maleic anhydride. 
Ethyl methyl ketone and butyraldehyde are saturated compounds. both cases 
spectral features due to the C=C double bonds were generated quickly as indicated by the 
emerge of the characteristic band at 1620 cm*'. As the reaction proceeded, this band 
decreased in intensity with the carbonyl stretching band (-1720 cm*'). This indicated that 
hydrogen abstraction occurred upon adsorption to form an unsaturated noncyclic species 
which was then converted to maleic anhydride. 
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Methyl Vinyl Ketone and Crotonaldehyde (C4H«0) 
The nature of methyl vinyl ketone adsorption was observed to be nearly identical to 
that of ethyl methyl ketone: the intensity of bands near 1711 cm*' (vc=oof noncyclic species) 
and 1618 cm*' (vc=c) decreased while the intensity of the 1778 cm*' band increased- A 
shoulder band at 1853 cm*' behaved similarly (Fig. 19). 
FTIR spectra for crotonaldehyde adsorption are shown in Hg. 20. The doublet at 1722 
and 1707 cm*' was due to gas-phase crotonaldehyde. A shoulder band at 1674 cm*' was also 
present in the region for carbonyl stretching modes. The adsorption again exhibited similar 
results in which maleic anhydride (indicated by the band around 1779 cm*') was produced 
while the intensities of bands for open chain carbonyl compound (-1701 cm*') and C=C 
bonds (-1620 cm"') diminished. 
Methyl Acrylate, Vinyl Acetate, Vinyl Acetic Acid, Crotonic Acid (C4H6O2) 
Each of these compounds contains two oxygen atoms, one of which is incorporated in a 
carbonyl group. An intense band near 1720 cm*' was observed in all cases when these 
compounds were adsorbed on the catalyst surface. However, adsorption at the same 
conditions involved in the previous studies did not produce detectable amounts of maJeic 
anhydride. 
2-Butene-l,4-diol (C4H8O2) 
Although 2-butene-l,4-diol showed no signs of reaction at 150°C in the empty cell, this 
compound reacted at 3(XfC in the gas-phase to produce crotonaldehyde. Adsorption of 2-
butene-l,4-diol on the VPO catalyst (Fig. 21) also exhibited the same behavior as that for 
crotonaldehyde adsorption (Fig. 20). 
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Maleic Add and Fomaric Acid (C4H4O4) 
Maleic acid can be readily dehydrated to maleic anhydride upon heating in the gas-
phase. The adsorption of maleic acid on the catalyst at ISO'C is shown in Fig. 22. Bands 
near 1850,1775, 1722, 1680, 1635, 1567, and 1409 cm'^ were detected. The two carbonyl 
bands at 1850 and 1775 cm"' (maleic anhydride) were the resxilt of gas-phase dehydration. 
The adsorbed species showed split carbonyl stretching bands at 1722 and 1682 cm"^ The 
bands at 1567 and 1409 cm*' were due to carboxylate species. The adsorption pattern 
resembles the results for maleic anhydride adsorption (Fig. 16). At 250''C, surface species 
decomposed to carbon oxides very quickly. 
Fumaric acid adsorption on the catalyst at 200°C (Fig. 23) exhibited a similar pattern as 
that for maleic acid adsorption: a carbonyl stretching band at 1720 cm"', a C=C double bond 
stretching band at 1643 cm"', and carboxylate ion bands at 1565 and 1404 cm"' were 
observed. The surface species also decomposed quickly at higher temperatures (T > 250°C). 
The gas-phase dehydration of fiimaric acid to maleic anhydride can occur at SOO^C. 
The shifts in carbonyl stretching bands were interesting: adsorbed maleic acid 
exhibited shifts in band positions [bands at 1720 and 1680cm'' compared to its typical 
position at 1705 cm*' (33)]. The carbonyl band of furamic acid shifted from its normal 
position at 1680 cm*' to 1720 cm"', and spectra did not show a distinguishable band at 1680 
cm*' at temperatures where maleic anhydride was not produced (150®C - 250®C). Maleic and 
fumaric acid are rotational isomers. At higher temperatures, their adsorbed forms should 
form an identical surface complex. Therefore, the band at 1682 cm"' in Fig. 22 was likely a 
result of chemical conversion of maleic acid. The vc=o at 1720 cm"' in both cases could be 
readily attributed to the carbonyl stretching of the -COOH groups. The interaction between 
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the surface and the carbon atom of the -COOH groups increased vc=o by withdrawing 
electron density from the carbon atom. The 1680 cm"* band [also observed in n-butane 
oxidation and adsorption (Hg.3 and Hg. 4), maleic anhydride adsorption at lOO'C (Rg. 16), 
and crotonaldehyde adsorption at 300"C (Hg. 20)] was due to the interaction between the 
aldehyde group with coordinately unsaturated metal cations (Lewis acid sites). The metal 
cation could form a a--complex with the carbonyl through sharing the lone electron pair of 
the carbonyl oxygen (C=0:—vc=o would therefore be lowered. This effect has been 
elaborated by Davydov using the example of acrolein oxidation (24). Maleic acid gas-phase 
dehydration produced a significant amount of maleic anhydride, which can adsorb on the 
catalyst, perhaps dissociatively, to form aldehyde functionalities. The aldehyde groups can 
coordinate with Lewis acid sites, and a carbonyl-stretching band at 1682 cm'^ results. 
Fumaric acid dehydration to maleic anhydride did not occur at low temperatures since its 
hydroxyl groups are trans to each other. Therefore, no surface aldehyde functionalities were 
formed upon adsorption and the only carbonyl stretching band observed was at 1720 cm"' 
because of the -COOH groups. 
These observations suggest that (a) fumaric acid and maleic acid can be converted to 
maleic anhydride in gas-phase, (b) the acids adsorb to form carboxylate species which 
decompose upon heating. 
Discussion 
In the current study, n-butane adsorption on (V0)2P2O7 was observed to produce 
unsaturated compounds at temperatures below lOO^C. Gas-phase 1,3-butadiene could be 
detected, and the formation of other unsaturated compoimds were indicated by a band near 
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1720 cm"' and by a weaker band in the region of 1680-1660 cm"' (Fig. 2,3). At higher 
temperatures, IR bands due to maleic anhydride (1850 and 1775 cm"')* became significant. 
These species were detected at short time intervals under transient reaction conditions. 
Important intermediates were associated with the appearance of a broad band near 1720 
cm*^ This band emerged in the n-C4Hio/N2 step and persisted in the O2/N2 step when bands 
due to gaseous compounds (e.g. 1,3-butadiene) disappeared (Hg. 3). The surface species 
associated with this band was formed before the detection of maleic anhydride, and it 
decreased in intensity as maleic anhydride was produced (Hg. 2-4). Therefore, the band 
near 1720 cm"' was likely related to precursors to maleic anhydride. Busca and Centi (18) 
ascribed a band around 1715 cm"' and a band at 1780 cm"' to 2(5fl)-furanone. However, the 
IR spectrum of 2(5if)-furanone has two bands at different positions, 1780 and 1740 cm ', and 
therefore this assignment is unlikely. Our studies of 2(5fl)-furanone (Fig. 12) and y-
butyrolactone (Fig. 14) adsorption also indicated that these cyclic species were not stable on 
the catalyst surface: both compounds underwent ring cleavage upon adsorption. Wenig and 
Schrader assigned the 1720 cm*' band to maleic acid (10-12). The observation in our 
transient smdies that this band emerged at room temperature before the formation of maleic 
anhydride discounts this assignment also. 
The IR bands of carbonyl stretching modes for most noncyclic compounds such as 
ketones and aldehydes are in the region of 1750-17(X) cm"' (22, 23, 24, 27). The interaction 
of carbonyl groups with the catalyst may shift the positions of these bands, according to the 
different modes of adsorption. For instance, the carbonyl oxygen may form a hydrogen bond 
* The 1850 cm*' band is less intense than 1780 cm'' band because the symmetric vibration of two carbonyl 
groups of maleic anhydride reduces the dipole moment (22). Based on our observation, this effect is more 
significant at higher temperatures: a decrease in the temperature increases the intensity of the 1850 cm'' band. 
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with surface hydroxyl groups (C=0—H0), or it may form a coordination bond with a surface 
cation (C=0—This inductive effect increases the polarity of the C=0 bond and makes 
it more ionic; a frequency shift to lower wavenumbers results (22, 24). On the other hand, if 
electron-withdrawing interactions occur through the carbon atom (electron-withdrawing 
group <-C=0), the polarity of the C=0 bond is reduced, and the carbonyl frequencies will 
increase (22). The Avoo caused by such interactions is relatively small, and the vc=o of 
many aldehydes and ketones remains close to 1700 cm*^ For instance, the carbonyl 
stretching band of surface formaldehyde species (24), adsorbed acrolein (24), products of 
propane partial oxidation (34), and the aldehydes and ketones involved in the current smdy 
are all in the region of 1750-1650 cm*'. The carbonyl frequencies of strained ring 
compounds have unique features such as their occurrence at higher wavenumber positions 
and/or the presence of double carbonyl bands; these features distinguish these compounds 
from open chain species. For instance, Bellamy (22) showed that carbonyl frequencies of 
four or five-membered rings are usually higher than 1750 cm"'. Also, 1,3-dicarbonyl 
compounds exhibit two carbonyl bands due to the symmetric and asymmetric vibration 
modes of the two carbonyl groups, as exemplified by maleic anhydride (bands at 1855 and 
1784 cm*') and succinic anhydride (bands at 1876 and 1799 cm*'). Some cyclic 
monocarbonyl compounds such as 2(5i?)-furanone and cyclopentanone can exhibit split 
carbonyl bands as a result of Fermi resonance interactions. Based on this information about 
carbonyl stretching vibrations, therefore, the band near 1720 cm*' can best be assigned to 
noncyclic carbonyl species. 
Although not as intense as the 1720 cm"' band, other bands near 1680 cm*' were also 
observed for n-butane oxidation (Fig. 3). These bands indicate the presence of two types of 
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surface complexes: the 1720 cm*' band may be due to a species whose carbonyl carbon atom 
interacts with the catalyst surface (0=C— surface); the bands near 1680 cm"' may be due to a 
species whose carbonyl oxygen interacts with Lewis acid sites (C=0—V^ or with surface 
hydroxyl groups (C=0*"0H). 
The adsorption studies of 2,5-dihydrofuran, furan, and 2(5i?)-furanone verified that 
they can be oxidized to maleic anhydride on the VPO catalyst, as indicated by the presence 
of peaks at 1850 and 1780 cm*'. However, in doing so, these compounds likely undergo ring 
cleavage first. Even at room temperature, the adsorption of these compounds on the catalyst 
resulted in ring opening: this was evidenced by the disappearance of ring vibrarion bands and 
the emergence of the noncyclic carbonyl stretching band near 1720 cm*'. In contrast, ethyl 
methyl ketone, methyl vinyl ketone, butyraldehyde, and crotonaldehyde oxidation resulted in 
formation of maleic anhydride (1850 and 1775 cm"'). No evidence for cyclic intermediates 
such as furan or 2(5/?)-furanone was observed. 
The aldehydes and ketones used in these adsorption studies still require two oxygen 
atoms to form maleic anhydride. However, 2(5i50-furanone is only "one oxygen away" from 
maleic anhydride and could be converted to maleic anhydride through an open chain 
intermediate. This surface species could therefore be involved in the reaction step just prior 
to the formation of maleic anhydride. Fig. 24 provides several possible products of 2(5/0-
furanone ring cleavage. Formation of many open chain compounds is possible: crotonic 
acid, methyl acrylate, vinyl acetate, vinyl acetic acid, 4-hydroxy-crotonaldehyde, 2-butene-
1,4-dial, or formic acid allyl ester. 
A^orption of crotonic acid, vinyl acetic add, vinyl acetate, and methyl acrylate on 
vanadyl pyrophosphate at SOO^C did not produce bands for maleic anhydride. The RCO-OR' 
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bond is relatively reactive. Breaking of this bond will produce 4-hydroxy-crotonaldehyde or 
2-butene-l,4-dial. The carbonyl stretching bands of these compounds are all near 1700 cm ' 
(35,36). Because of the reactivity of these aldehydes, it was not possible to purchase these 
compounds. The adsorption of their structural analog, 2-butene-l,4-diol, was performed, but 
dehydration occurred in the gas-phase to form crotonaldehyde. However, additional 
experimental evidence for this intermediate has been reported in the literature. Honicke (37, 
38) detected substantial amount of 2-butene-l,4-dial when investigating 1,3-butadiene partial 
oxidation on supported V2O5 catalysts, and it was suggested to be a precursor for maleic 
anhydride, our reactor studies using mass spectrometry, a peak at m/e = 84 was detected 
for n-butane and 1,3-butadiene oxidation. Kubias et al. (5) also detected a peak at m/e=84 in 
n-butane oxidation on VPO catalysts. They further showed that the compoimd corresponding 
to this peak contains two oxygen atoms since peaks at m/e=86, 88 emerged upon O'® isotopic 
labeling. Additional evidence for the existence of such surface species has come from Crew 
and Madix (39) who studied furan oxidation to maleic anhydride on Ag(l 10). Using O'® 
labeling and temperature-programmed reaction spectroscopy (TPRS) experiments, it was 
found that the furan ring oxygen became one of the carbonyl oxygens of maleic anhydride 
product. They postulated that the furan ring opened to form an intermediate, specifically 2-
butene-l,4-dial, and re-closed to form maleic anhydride. Based on these previous smdies and 
the results of our new research, a noncyclic dialdehyde surface species structurally related to 
2-butene-l, 4-dial is proposed to be the direct precursor to maleic anhydride. 
It should further be emphasized that the precursors to maleic anhydride are unsaturated 
compounds. The spectral bands 1620 cm"' for C=C double bond near were always observed 
upon adsorption of the hydrocarbons, even if the adsorbates were saturated compounds (e.g. 
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n-butane, ethyl methyl ketone, butyraldehyde). Moreover, the evolution of voc always 
paralleled that of the 1720 cm"' band for vc=o. 
The results of IR studies of 1-butene oxidation on VPO catalysts agree well with these 
observations. The study conducted by Wenig and Schrader (11) showed that a band near 
1725 cm"' was in present together with bands at 1850, 1775, and 1615 cm"^ Busca and Centi 
(18) observed the same bands in their smdy. Moreover, they showed that the 1715 cm"' band 
was intense early in the adsorption when the 1850 and 1775 cm"' were weak, and diminished 
after being heated in oxygen when the later bands dominated. By adsorbing 1-butene on an 
alumina supported VPO catalyst, Ramstetter and Baems (16) observed the carbonyl 
stretching band at 1680 cm"'. Puttock and Rochester (15) reported the isomerization of 1-
butene to trans and cis-2-butenes on the surface of (VO)2P207. 
The adsorption of 1,3-butadiene on the catalyst at low temperatures did not show a 
band near 1720 cm*'. Instead, it exhibited bands at 1550, 1490, and 1460 cm*' which can be 
ascribed to adsorbed furan. However, the change in the relative intensities between the 1490 
and 1460 cm"' band suggested the formation of a fiiran complex whose a-position was 
attacked. A possible surface complex was proposed by Crew and Madix in their smdies of 
furan oxidation (39). This complex may lead to ring cleavage to form 2-butene-l ,4-dial. 
Oxidation of 1,3-butadiene at higher temperatures clearly exhibited a band at 1712 cm"' 
which is consistent with the eventual conversion of this intermediate to maleic anhydride 
(Fig. 6). 
The oxidation of n-butane and 1,3-butadiene on VPO catalysts are known to result in 
very different product distributions (4). The current study suggests that reason for this 
difference may be attributed the initial adsorption of these compounds. n-Butane adsorption 
51 
and activation is likely a transformation largely related to hydrogen abstraction. It is possible 
that only active sites capable of hydrogen abstraction from n-butane are geometrically and 
energetically favorable for selective conversion of the adsorbed species to maleic anhydride. 
Di contrast, 1,3-butadiene, due to its possession of double bonds, adsorbs strongly on the 
catalyst surface. Species adsorbed on selective sites will be converted to desired oxygenated 
products; other adsorbed species could be involved in side reactions such as oligomerization, 
isomerization, etc. Other workers have reported the formation of several products for 1,3-
butadiene oxidation. Centi and Trifird (40) have observed maleic anhydride, furan, and 
crotonaldehyde for 1,3-butadiene oxidation on VPO. Honicke (37) identified as many as 33 
oxidation products in partial oxidation of 1,3-butadiene on supported V2O5 catalysts. The 
major products discovered in his study included maleic anhydride, phthalic anhydride, 
crotonaldehyde, furan, dihydrofiirans, 2-butene-l,4-dial, and benzene derivatives. 
Benzene derivatives can be produced form 1,3-butadiene dimerization (41). In our 
work, we monitored the reactor effluent for 1,3-butadiene oxidation over VPO catalysts at 
300°C with mass spectrometry using a microreactor system. Intense peaks were observed at 
m/e = 68, 78, 91, and weak peaks were detected at m/e = 82, 84, 98, 106 (see Fig. 25). The 
peak at m/e = 68 is due to furan, m/e = 98 is due to maleic anhydride, m/e = 78 is due to 
benzene, and m/e = 84 may be attributed to 2-butene-l,4-dial. The peak at m/e = 91 is likely 
due to methylbenzene molecular ions, while the signal at tn/e =106 might be ascribed to 
ethylbenzene. Comparing the spectra collected at the first, second, and third minutes of a 
l,3-butadiene/N2 step (Fig. 25), signals from furan (m/e = 68), benzene (m/e = 78), and 
methylbenzene (m/e = 91) were intense at the beginning of the 1,3-butadiene step and 
decreased as the reaction proceeded; peaks due to maleic anhydride (m/e = 98) remained 
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consistently low. This observation does not support the proposal that furan is a direct 
precursor to maleic anhydride. 
The adsorption of maleic anhydride, maleic acid, and fiimaric acid provided insights to 
the mechanism of maleic anhydride oxidation. The adsorption of all these species produced 
carboxylate species, which lead to the formation of carbon oxides (complete oxidation). The 
band at 1682 cm'' evidenced the presence of aldehyde groups bound to Lewis acid sites 
corresponding to maleic anhydride oxidation. Lewis acid sites may play a role in maleic 
anhydride decomposition, for instance, by strongly anchoring the maleic anhydride 
molecules on the surface through the coordination bond: C=0—V^. 
Conclusion 
(VO)2P207 is sufficiendy active to activate saturated C-H bonds at low temperatures, 
e.g. 50°C. Although formation of furan from 1,3-butadiene oxidation was observable and 
conversion of cyclic compounds to maleic anhydride can not be completely excluded, the 
evidence from our transient IR and reactor studies indicates that: a) the predominant surface 
species for n-butane oxidation are unsaturated noncyclic carbonyl compounds, and b) these 
reactive surface species are the precursors to maleic anhydride. Based on these results and 
comparison with the literature, the reaction pathway shown in Fig. 26 can be proposed for n-
butane partial oxidation to maleic anhydride. 
This pathway suggests that for the main route for n-butane conversion to maleic 
anhydride, hydrogen abstraction occurs first to generate surface-bound olefinic compounds. 
Subsequent oxidation of these compounds forms unsaturated noncyclic carbonyl 
intermediates; formation of a noncyclic dialdehyde surface species appears likely. This 
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surface species undergoes oxygen insertion and cyclizadon to form maleic anhydride. 
Complete combustion of intermediates or maleic anhydride involves carboxylate surface 
species which can be transformed to carbon oxides. 
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Table 1. Common IR bands (cm"') observed in C4 hydrocarbon oxidation onVPO and their 
assignments 
Position Assignment Remarks 
1850 V, o f  maleic anhydride weak shoulder band; reported in the study of n-butane (10). 1-
butene (10, 18), 1.3-butadiene (19), fiiran (16, 18). 2,5-
dihydro fiiran (18), 2(5^fi]ranone (16). 
1775 v„ of maleic anhydride strong band, reported in most of the studies; 
associated bands at 1795 cm'' and 1765 cm'* found in fiiran 
adsorption (15, 17) and 2(5//)-fiiranone adsorption (16) were 
attributed to 2(5£0-^urano°e. 
1715 ±20 vc-o stretching vibration reported in the study of n-butane (10, 18), 1-butene (11, 18), 1,3-
butadiene (19). 2,5-dihydrofiiran (18), furan (16, 18), 2(5H)-
fiiranone (16), maleic a^ydride (12, 16), and maleic acid (12); 
assigned to carbonyl stretching of 2(5H>fi]ranone (18,19), maleic 
acid (10), aldehyde species (16), or fiiran (15). 
1620 ± 30 voc stretching vibration reported in most of the adsorption studies (10-19); 
attributed to unsaturated sur&ce species; 
adsorbed water (13) and carbon oxide (14) also have bands around 
1620 cm"*. 
1560 ±20 Vu coo- reported in 1,3-butadiene (15, 19), fiiran (17), and maleic 
anhydride (15, 16). acetic anhydride (14) oxidation; 
attributed to surface carboxyiate species together with the band 
near 1430 cm"' (14, 17. 19) 
1490 ring vibration of fiiran reported in 1.3-butadiene oxidation (18) and fxiran adsorption (16); 
attributed to fiiran 
1460 ring vibration of fiiran attributed to surface-bound fiiran (16, 18) 
1430 ±20 coo- attributed to surface carboxyiate species together with the band at 
1560 cm-' (14, 17,19) 
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figure Captions 
Hg.L Assembly view of the FTIR cell. 
Hg.2. n-Butane step change reaction at 50®C. Spectra a-c for the C4H10/N2 step, d-f for the 
O2/N2 step, a) 0 min, b) 1 min, c) 2 min, d) 3 min, e) 4 min, f) 5 min. 
Fig.3. n-Butane step change reaction at 200®C. First C4H10/N2 - O2/N2 cycle: spectra a-c for 
the C4H10/N2 step, d-f for the O2/N2 step, g-i for the C4H10/N2 step, and j-I for the ©2^2 step, 
a) 0 min, b) 1 min, c) 2 min, d) 3 min, e) 4 min, f) 5 min. 
Hg. 3 continued. n-Butane step change reaction at 200®C. Second C4H10/N2 - O2/N2 cycle: 
spectra g-i for the CtHio/N2 step, and j-1 for the O2/N2 step, g) 6 min, h) 7 min, i) 8 min, j) 9 
min, k) 10 min, 1) 11 min. 
Hg.4. Evolution of surface species in flowing after n-butane adsorption at 300°C. a) 0 
min, b) 2 min, c) 7 min, d) 14 min, e) 17 min, f) 25 min, g) 32 min. 
Rg.5. 1,3-Butadiene step change reaction at 100®C. Spectra a-c for the C4H6/N2 step, d-f for 
the O2/N2 step, a) 0 min, b) 1 min, c) 2 min, d) 3 min, e) 4 min, f) 5 min 
Rg.6. 1,3-Butadiene step change reaction at 300°C. Spectra a-f were collected for the first 
C4H6/N2 - O2/N2 cycle: a-c for the C4H6/N2 step, d-f for the O2/N2 step. Spectra g-i were 
collected for the O2/N2 step of the third C4H6/N2 - O2/N2 cycle, a) 0 min, b) 1 min, c) 2 min, 
d) 3 min, e) 4 min, f) 5 min, g) 15 min, h) 16 min, i) 17 min. 
Fig.7. Evolution of surface species in flowing O2/N2 after 2,5-dihydrofuran adsorption at 
lOO^C. a) 0 min, b) 1 min, c) 3 min, d) 5 min e) 7 min, f) 10 min. 
Hg.8. Evolution of surface species in flowing O2/N2 after 2,5-dihydrofuran adsorption at 
300°C. a) 0 min, b) 2 min, c) 4 min, d) 7 min, e) 20 min, f) 55 min. 
Hg-9. Evolution of surface species in flowing O2/N2 after 2,3-dihydrofuran adsorption: 
Fig. 9a-d collected at 150°C, Fig. 9e-h collected during and after the temperature was raised 
to 300''C. a) 0 min, b) 1 min, c) 9 min, d) 33 min, e) 48 min, f) 72 min, g) 90 min, h) 105 
min. 
Fig. 10. Evolution of surface species in flowing O2/N2 after fioran adsorption at 100®C. 
a) 0 min, b) 1 min, c) 3 min, d) 7 min, e) 10 min. 
Hg.l 1. Evolution of surface species in flowing O2/N2 after furan adsorption at 300°C. 
a) 0 min, b) 2 min, c) 5 min, d) 23 min, e) 36 min, 0 60 min, g) 104 min, h) 180 min. 
Fig. 12. Evolution of surface species in flowing 02yN2 after 2(5^-fiiranone adsorption at 
100°C. a) 0 min, b) 5 min, c) 30 min, d) 55 min, e) 105 min. 
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Fig. 13. Evolution of surface species in flowing O2/N2 after 2(5H)-furanone adsorption at 
300®C. a) 0 nain, b) 3 min, c) 11 min, d) 44 min, e) 67 min. 
Fig. 14. Evolution of surface species in flowing O2/N2 after y-butyrolactone adsorption at 
300®C. a) 0 min, b) 3 min, c) 5 min, d) 9 min, e) 16 min, f) 21 min, g) 28 min. 
Fig. 15. Evolution of surface species in flowing O2/N2 after 5-hydroxy-2(5^-furanone 
adsorption at 2(X)®C. a) 0 min, b) 2 min, c) 5 min, d) 10 min, e) 13 min, f) 20 min, g) 34 min. 
Fig. 16. Evolution of surface species in flowing O2/N2 after maleic anhydride adsorption at 
100°C. a) 0 min, b) 2 min, c) 6 min, d) 13 min, e) 19 min. 
Fig. 17. Evolution of surface species in flowing O2/N2 after ethyl methyl ketone adsorption at 
300®C. a) 0 min, b) 2 min, c) 7 min, d) 19 min, e) 39 min, f) 99 min, g) 154 min. 
Fig. 18. Evolution of surface species in flowing O2/N2 butyraldehyde adsorption at 300°C. 
a) 0 min, b) 2 min, c) 6 min, d) 8 min, e) 18 min, f) 33 min, g) 44 min. 
Fig. 19. Evolution of surface species in flowing O2/N2 after methyl vinyl ketone adsorption at 
300°C. a) 0 min, b) 2 min, c) 6 min, d) 19 min, e) 32 min, f) 39 min, g) 43 min, h) 48 min, i) 
56 min, j) 62 min, k) 76 min, 1) 90 min. 
Fig.20. Evolution of surface species in flowing O2/N2 after crotonaldehyde adsorption at 
300°C. a) 0 min, b) 3 min, c) 4 min, d) 8 min, e) 12 min, f) 25 min, g) 47 min. 
Fig.21. Evolution of surface species in flowing O2/N2 after 2-butene-l,4-diol adsorption at 
300°C. a) 0 min, b) 2 min, c) 4 min, d) 8 min, e) 14 min, f) 34 min, g) 49 min, h) 90 min. 
Hg.22. Evolution of surface species in flowing N2 after maleic acid adsorption at 150''C. 
a) 0 min, b) 1 min, c) 3 min, d) 6 min, e) 25 min. 
Fig.23. Evolution of surface species in flowing N2 after fumaric acid adsorption at 200*'C. 
a) 0 min, b) 7 min, c) 15 min, d) 20 min, e) 25 min. 
Fig.24. Possible pathways of 2(5/f)-ftiranone ring cleavage and resulting compounds. 
Fig.25. Mass spectra of gas phase products during the l,3-butadiene/N2 step in reaction 
studies. 
Fig.26. Proposed reaction pathway for n-butane oxidation to maleic anhydride. 
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CHAPTER4 
IN SITU LASER RAMAN SPECTROSCOPY STUDIES OF 
VPO CATALYST TRANSFORMATIONS 
A paper submitted for Publication to the Journal of Physical Chemistry B 
Zhi-Yang Xue and Glenn L. Schrader 
Department of Chemical Engineering and Ames Laboratory-USDOE. 
Iowa State University, Ames, IA50011 
Abstract 
VPO catalyst transformations were investigated using in situ laser Raman 
spectroscopy. During reduction-oxidation step changes, (VO)2P207 was readily converted to 
an-, 5-VOPO4 and ultimately to P-VOPO4 in O2/N2; these phases were eliminated in n-
butane/N2. A "wet" N2 feed (5-10% H2O in N2) transformed (VO)2P207 and ap-, an-, P—, 5-, 
y-V0P04 to V2O5 at temperatures above 4(X)°C. The presence of water vapor facilitated the 
loss of oxygen atoms involved in V-O-P bonding, and separated vanadium oxide and 
phosphorus oxide species were formed. The isolated vanadium oxide species could be 
transformed to V2O5; phosphorus species likely diffused from the catalyst lattice in the form 
of tcid phosphates. 
Keywords: VPO catalysts, in situ laser Raman spectroscopy, phase transformation 
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1. Introduction 
Vanadium phosphorus oxide (VPO) catalytic materials and their precursors involve 
many known crystalline phases. Compounds with a vanadium valence of +4 include 
vanadiimi hydrogenphosphate hydrates (V0HP04*xH20, j:=0.5, 1,2, 3,4) and vanadyl 
pyrophosphate [(VO)2P207]. Vanadyl orthophosphate phases (aj-, ar, P-, 5-, y-V0P04, 
and V0P04*2H20) have a vanadium valence of +5. Phase transformations between these 
VPO materials are rather complicated, as reported in the literature (Fig. 1). Iti general, phase 
transformations among compounds of the same vanadium valence can be induced by thermal 
treatment, whereas conversions between (V0)2P207 and VOPO4 phases require a reducing or 
oxidizing atmosphere. In addition, the effect of water on catalyst performance has been 
investigated. '• ^ ^  Water is an inescapable product in n-butane selective oxidation to maleic 
anhydride. In fixed bed processes, with low n-butane feed concentrations (e.g. 1.5% n-
butane in air), the reactor outlet water vapor ftaction can approach 3%.' 
Researchers at DuPont * and Exxon ® were among the first to synthesize the 
hemihydrate phase VOHP04*0.5H20 and to determine its crystal stmcture. Vanadyl 
hydrogenphosphate tetrahydrate (V0HP04*4H20) was obtained by exposing 
VOHP04*0.5H20 to room conditions for 4 months.® Later Amor6s and coworkers^ 
successfully synthesized a series of vanadyl hydrogenphosphate hydrates (a-, P-
V0HP04*2H20, V0HP04*3H20, V0HP04*4H20) using solutions with specific 
acetone/water ratios. These materials can ultimately be converted via two pathways (Fig. I) 
to (VO)2p207, which has been recognized as the important catalytic phase for commercial n-
butane oxidation under steady state conditions. VOHP04*0.5H20 is the direct precursor to 
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(VOiPaO? for both pathways as revealed by XRD, neutron thermodiffractometry, and TGA-
When VOHPO^'O-SHiO is treated in an oxidative atmosphere, phases can be 
formed. Bordes et al.'° have prepared 5-VOPO4 (450®C in air) and y-V0P04 (680"C in 
oxygen) by thermal dehydration of VOHP04"0.5H20. Hutchings et al." monitored the 
transformation of VOHP04*0.5H20 in 1.5% n-butane/air in situ using Raman spectroscopy. 
Following a structural disordering of VOHP04*0.5H20 at around 370®C (revealed by an 
absence of Raman bands), (V0)2P207, and an-, 5-, Y-VOPO4 were produced. 
(VO)2P207 has been reported to transform to P-VOPO4 phases under reactive 
conditions at about 760®C in oxygen'^. Gai et al.'^ probed the behavior of vanadyl 
pyrophosphate during a 312 hour treatment in steam (31 % and 42% water vapor fraction) at 
near 360°C using in situ environmental high resolution electron microscopy (EHREM). An 
increase in the number of defects caused disorder in the catalyst. The resulting material after 
a prolonged calcination in steam was a "new, slightly anion-deficient phase". The kinetic 
study using the steam-treated catalyst showed significantly lower reactivity and selectivity 
for maleic anhydride. 
P-VOPO4 is considered to be the most stable phase among anhydrous 
orthophosphates. Bordes et al.'°' have reported that high temperature thermal treatment 
(e.g. 750°C in N2) initiated the following transformations: ap -* an- -• |3-V0P04, or 5- y-
-• P-VOPO4. The conversion of P-VOPO4 to (VO)2P207 has been reported to occur at 400''C 
using in situ laser Raman spectroscopy in 1% l-butene/air flow.'^ Schrader et al.'^' also 
observed the reversible conversion of P-VOPO4 to (VO)2P207 at 500®C in 2% n-butane/air. 
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In situ Raman spectroscopic studies have indicated that S-VOPO^ can transform to an-
VOPO4 in 2.4% n-butane/air flow at near 400®C.*^ airV0P04, on the other hand, was 
transformed to y-V0P04 when heated in N2 flow at 700®C.'® 
Using Raman spectroscopy, Ben Abdelouahabe et al.'' showed that the hydration of 
ttr. ctu-, 5", and y-V0PO4 formed V0P04*2H20 at room temperature, demonstrating that 
water molecules can diffuse into the catalyst lattice and alter the catalyst strucmre. At higher 
temperatures (>80°C), the resulting V0P04*2H20 was converted to arV0P04. 
DuPont's process for n-butane selective oxidation using a circulating fluidized bed 
(CFB) reactor^" has raised new questions regarding the effect of transient operation 
conditions on the catalyst activity and VPO catalyst transformations. We have reported 
preliminary studies of VPO catalyst phase transformations under transient operation 
conditions"': an industrial (yoyiPzOj catalyst was exposed to a cycle of oxidizing (10% 
O2/N2) and reducing (2% n-butane/N2) conditions. In situ Raman data showed evidence for 
the formation of several vanadium orthophosphate phases. The current study has continued 
these effoits to characterize VPO catalyst phase transformations under transient conditions. 
Our new studies have again focused on (VO)2P207 since this phase is regarded as being 
crucial for industrial processes to convert n-butane to maleic anhydride." In addition, this 
phase appears to have a central role for several pathways involved in VPO phase 
transformations (Fig. 1). 
Most previous investigations of the effect of water on catalyst performance suggested 
increased selectivity for maleic anhydride and decreased n-butane conversion.'" ^  ^ These 
effects have been attributed to; 1) competitive adsorption of oxygen and water molecules on 
the catalyst surface; 2) preferential alteration in reaction rates of certain elementary steps 
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induced by the participation of water in the reaction; or 3) changes in catalyst surface area. 
The possibility of water vapor inducing phase transformations in VPO materials has not been 
clearly determined. Studies conducted by Gai et al.'^ have indicated that the presence of 
water vapor was detrimental to both selectivity and reactivity; structural changes in 
(VO)2P207 were observed. 
2. Experimental Section 
2.1. Catalyst Preparation 
VPO catalytic materials were provided by DuPont. VOHP04*0.5H20 was 
synthesized in an organic media^: ViOs was reduced to form a VO^^ species by refluxing in 
a mixture of isobutanol and benzyl alcohol, and the desired amount of phosphorous was then 
added as anhydrous H3PO4. This precursor was calcined in air and activated in 1.5% n-
butane-10% O2-balance N2 to produce (VO)2P207. P-VOPO4 was synthesized by reacting 
VOF3 with tristrimethylsilylphosphate in acetonitrile. 5- and y-V0P04 were obtained by the 
oxydehydration of VOHP04*0.5H20 in dry oxygen or n2. Thermal treatment of 
V0P04*2H20 produced arV0P04. Reference V2O5 powder was purchased from Fisher 
Scientific (purity 99.9%). 
2.2. Catalyst Characterization 
X-ray powder diffiraction patterns of the catalysts were recorded with a Scintag XDS 
2000 diffractometer using CuKa radiation. Infrared spectra of samples pressed as KBr 
pellets were obtained using a Nicolet Model 60SX FTIR spectrometer. 
The Spex Triplemate laser Raman spectrometer was coupled to a cryogenic charge 
coupled detector (Princeton Instruments Model LN/CCD). The laser source was a Spectra-
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Physics Model 164 Argon ion laser operating at 514.5 nin. Spectra were obtained using a 
laser power of 40 mw at the source. The intensity of the incident laser beam on the sample 
was approximately 40% of the source power. Data acquisition was for 3 minutes or less 
since previous experiments confirmed that the VPO catalysts were stable under these 
conditions."' 
For in situ laser Raman characterization, a cell was constracted from MACOR® 
machineable ceramic (a detailed description of the reactor ceU has been given elsewhere 
A gas delivery system could direct a continuous flow of n-butane/air, n-butane/Ni, air, or Nz 
into the cell; or, step changes between n-butane/N2 and air could be introduced. Research 
purity n-butane (Matheson), ultrapure Na or air (Air Products) were used in the experiments. 
A saturator could be coimected into the system to enable the addition of water vapor. The 
concentration of water vapor (5-10 vol%) was controlled by adjusting the temperature of the 
saturator. Tylan* mass flow controllers regulated the gas flow rates. The n-butane 
concentration was 2 vol% for continuous flow and 5 vol% for step change studies. The total 
volume flow rate was 50 seem for all studies. 
3. Results 
3.1. Catalyst Characterization 
X-ray diffraction data and the laser Raman spectra of all materials [V2O5, (V0)2P207 
and at-, an-, |3-, 5-, Y-VOPO4] were in good agreement with the published data.'^" Only 
one material, V0P04*2H20 was observed to be very sensitive to laser exposure in this study 
and was readily dehydrated to form arV0P04. 
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3.2. (VOhPzOr phase transformations in oxidation-reduction cycles 
(V0)2P207 was treated in a series of 30 min air - 30 min 5% n-butane/Na cycles at 
400®C. Rg. 2a is the Raman spectrum of (VOhPzOy after being treated in n-butane/air for 3 
hours at 400°C. The first oxidation-reduction cycle did not induce phase changes (spectra 
not shown). In the second cycle, two bands due to an-VOP04(1090 and 995 cm"') emerged 
during the oxidation step (Fig. 2b). au-V0P04 also has a band at 945 cm ' which was likely 
obscured by the intense (VO)2P207 band at 932 cm '. In the following reduction step, the an-
VOPO4 bands disappeared and the spectral features were typical for (VOiPzO? (Fig. 2c). 
Some changes, however, were apparent in the relative intensities of the bands. After the 
oxidation step of the third cycle, additional bands appeared at 1021, and 595 cm"' and in the 
region of 1070-1098 cm"' (Fig. 2d). These bands (characteristic of 5-VOPO4) were 
eliminated in the subsequent reduction (Fig. 2e). Fig. 2f and Fig. 2g were collected at 15 min 
and 30 min following an oxidation step. Bands near 1090, 1020, 995, 650 and 594 cm*' 
emerged and intensified. In the subsequent reduction, the intensity of these bands diminished 
(Fig. 2h and Fig. 2i). The catalyst was again oxidized for 30 min when Fig. 2j and Fig. 2k 
were collected at 15 min and 30 min respectively into the oxidation step. Bands other than 
those due to (VOiPjOv included: a broad band in the region from 1060-1100 cm"' with two 
maxima at 1090 and 1070 cm"'; a band centered at 995 cm"'; a shoulder band around 890 
cm"'; bands at 645 and 590 cm"'; and a broad band in the region of 430-360 cm"'. Bands at 
1090 and 995 cm"' were due to an-V0P04; those at 1070, 890, 649, 590, and 425 cm"' 
clearly indicated the existence of P-VOPO4. 
93 
3.3. (VO)2P207 transformations in wet feeds 
In Fig. 3-11, the results from a series of experiments involving the effect of water 
vapor on catalyst stability are shown. Rg. 3 provides data for the transformation of 
(y0y2?20i in 2% n-butane/(5%-10%) water vapor/air at 450°C. Fig. 3a is a spectrum of 
(V0)2P207 at room temperature. The temperature of the catalyst was raised by 5°C/min to 
450''C. After 2 hours, distinctive bands emerged at 994 cm"' (with an apparent shoulder band 
around 1020 cm"') and 141 cm"'; less intense bands were present near 700, 285, and 407 cm ' 
(Fig. 3b). These bands indicated the formation of a new phase which became more apparent 
later during the experiment (Fig. 3c). When this material was cooled to room temperature, 
the bands due to the new phase disappeared and those due to (VOaP^O? were recovered, 
although the relative intensity of the bands were significantly altered (Fig. 3d). However, if 
the catalyst was treated in the gas flow described above for an extended period of time 
(several days), the transformation was stabilized even after cooling to room temperature (Fig. 
3e). The new Raman bands are characteristic of V2O5. (VO)2P207 was converted to V2O5 
similarly in wet N2 (5-10% water vapor/N2). 
Step change studies alternating between wet feed (2% n-butane/5-10% water 
vapor/air) and dry feed (2% n-butane/air) were also conducted to further investigate the 
effect of water vapor. After (VO)2P207 had been treated in wet feed for several hours at 
450°C (Fig. 4a), a mixture of V2O5 (bands at 992,289, 144 cm"'), (VO)2P207 (band at 933 
cm"') and P-VOPO4 (bands at 1063, 891, 645 and 590 cm"') was present. When the feed 
was then changed to dry feed (Fig. 4b), the intensity of signals from V2O5 and P-VOPO4 
decreased relative to the intensity of the (VO)2P207 band at 933 cm"' after 2 hours. After 5 
hours in dry feed, only bands due to (VO)2P207 were observed (Fig. 4c). Wet feed was then 
94 
reintroduced, and bands from (VOhPiOy disappeared after one hour. A broad band with two 
maxima at 1020 and 992 cm*' and a band near 144 cm"' became the major features (Hg. 4d); 
further reaction in the wet feed confirmed the formation of ViOs (Fig. 4e). 
3.4. VOPO4 tran^ormations under the effect of water vapor 
Various VOPO4 phases were tested in wet N2 (5-10% water vapor/N^) at temperatures 
of4(X)-600"C. Fig. 5 shows the conversion of y-VOPO^ phase to V2O5 at 450°C. Fig. 5a is 
the spectrum of y-V0P04 at room temperature. This phase apparently experienced structural 
disordering after being heated to 450°C (Fig. 5b). The spectrum showed only a weak band 
centered at 1020 cm"'. Within 2 hours, strong peaks at 993,408, 285 and 144 cm"' and less 
intense bands at around 7(X), 480, and 400 cm"' indicated the transformation of y-V0P04 to 
V2O5 (Fig. 5c). Fig. 5d and Fig. 5e were collected after the temperature was subsequently 
lowered to 200°C and l(fC. Intensification of the bands due to y-V0P04 was observed. 
Apparently, lowering the temperature reversed the catalyst transformation, and y-V0P04 was 
partially recovered. 
When an-V0P04 was also treated in wet Nj feed at 450°C, similar behavior was 
observed. Fig. 6a is the spectrum of an-V0P04 at room temperature. After 1 hour in wet N2 
at 450''C, all bands due to an-V0P04 diminished in intensity. Bands at 993 cm"' (with 
shoulder at 1016 cm"'), 407, 285, and 143 cm"' indicated the generation of ViOsCFig. 6b, 6c). 
Similar to the observation in the previous case: 1) a band at near 1016 cm"' was observed 
early in the transformation (Fig. 6b); and 2) crystalline an-V0P04 was partially recovered 
when the temperature was lowered to room temperature (Fig. 6d). 
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Similar studies for P-VOPO4 at 450®C did not result in detectable transformations. At 
600®C, however, changes were readily observed (Fig. 7). In the early stage of exposure to 
wet N2, only a broad band was observed in the range of 1020-990 cm"' with two maxima at 
1016 and 993 cm"' (see Fig. 7c). Bands due to V2O5 evolved after several hours but this 
change could be reversed if the temperature was lowered. The catalyst was also treated in 
wet Nt at 6(X)°C for an extended time period. The resulting mr-'irial was shown to be V2O5 
at room temperature (Fig. 7d). 
Fig. 8 illustrates the transformation of 5-VOPO4 to V2O5 at 450°C in wet N2 feed. 
Comparison of the spectrum collected at room temperature (Fig. 8a) with that collected at 
450°C (Fig. 8b) reveals that the later possessed both bands for 5-VOPO4 and bands at 996 
and 146 cm"' which indicated the existence of V2O5. Raman signals from 5-VOPO4 
disappeared later in the process (Fig. 8c). The resulting V2O5 after an extended thermal 
treatment in wet air contained a small amount of P-VOPO4, indicated by bands at 1071, 895 
and 652 cm"'. 
ai-V0P04 has also been converted to V2O5 (Fig. 9) in wet N2 feed. Fig. 9a shows a 
well-crystallized arV0P04 which later was gradually converted to V2O5 at 450°C (Fig. 9b, 
9c). The post-reaction spectrum of the catalyst (Fig. 9d) exhibited bands only due to ar 
VOPO4. 
In most cases, VOPO4 phases were converted to P-VOPO4 under thermal treatment in 
wet air. Fig. 10 demonstrates the direct conversion from 5-VOPO4 to P-VOPO4. The 
starting material (Fig. 10a) was largely 5-VOPO4 (bands at 1198, 1088, 1019, 942, 588 cm*') 
with trace amounts of an-V0P04 (bands at 992 cm"' and lower wavenumber bands such as 
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469, 152 cm"\ etc.). At 450°C in wet air, bands due to the original material decreased in 
intensity while bands due to P-VOPO4 (1068,987,894,651, and 433 cm"', etc.) emerged and 
intensified (Fig. lOb-lOe). The final material was predominantly P-VOPO4. 
Direct conversion of arV0P04 to P-VOPO4 in wet air to 450*'C is shown in Fig II. 
The decrease in the intensity of bands due to arV0P04 and growth of those due to P-V0P04 
occurred during the process. Similar observations have been experienced for aa- and y-
VOPO4 phases. In contrast to the use of wet N2, no intermediate phase was detected for wet 
air studies. In addition, no spectra had a complete absence of Raman bands. 
4. Discussion 
In situ LRS studies of the thermal treatment of various VPO phases in wet N2 reveal 
common behavior. Raman bands due to the VPO phases decreased in intensity at elevated 
temperatures (e.g. >400®C), which eventually led to a complete loss of the Raman signal 
prior to the emergence of a weak band near 1016 cm*'. The 1016 cm"' band was 
accompanied by the gradual appearance of a band at 993 cm"'. Other bands at 700, 526,480, 
407, 302, 283, 196 and 147 cm ' intensified also with the 993 cm ' bands and became quite 
distinct with further wet N2 treatment. These bands can be unequivocally assigned to V205.^ 
The conversion of the VPO catalysts to V2O5 was reversible at lower temperatures: a partial 
recovery of the initial VPO catalyst was apparently possible. Nevertheless, an extended 
thermal treatment in wet N2 eventually converted VPO phases irreversibly to V2O5. 
The weakening and eventual loss of Raman signals early in the conversion is likely 
due to structural disorder. It is known for a periodic structure, the light scattering process 
satisfies the law of momentum conservation 
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k=:ko + q 
where ko» k, and q are the wave vectors for the incident photon, the scattered photon, and the 
phonon being adsorbed or emitted.^ Structural disorder breaks the translational symmetry in 
crystalline materials and the momentum conservation law does not hold. As a result, 
phonons with various frequencies are involved in the scattering process which increases the 
background in Raman spectra and broadens the Raman signals. Scheetz and White^ 
suggested two types of disorder: those induced by electronic irregularity due to 
misorientations of non-spherical structural units (e.g. in anmionium halides) and 
vacancy-induced disorders. They further suggested that massive vacancy-induced defects 
might totally destroy the translational synunetry and create a Raman scattering continuum. 
This argument is consistent with the absence of Raman bands observed during the 
transformation of VOHP04*0.5H20 to (VOhPaO?.^' For the VPO catalyst transformations 
examined in this study, both types of disorder are likely involved. 
The bands near 1016-1020 cm"' and 993 cm"' emerged after the total absence of 
Raman signals. Formation of "isolated" vanadium oxide species is likely. Such species for 
supported vanadia at low loadings have Raman bands in the region of 1016-1037 cm '."^ 
Apparently the VPO materials experienced a structural disturbance due to the presence of 
steam which likely involved the cleavage of V-O-P bonds; separation of the vanadium oxide 
species and phosphate species resulted. Similar to supported vanadia catalysts at higher 
loading"', Raman bands due to V2O5 (e.g. 993, 703 cm"', etc.) emerged and intensified, 
presumably due to the transformation of isolated vanadium species to form V2O5. 
Previous results from in situ high resolution electron microscopy (HREM) imaging of 
(VO)2P207 under reaction conditions provides fiuther insights into these transformations.'^' 
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Fig. 12b shows the (010) plane of (VOhPzOr which exhibits a layered structure consists of 
pairs of edge-sharing VOe distorted octahedra equatorially linked together by comer-sharing 
phosphate tetrahedra. Along the b-axis, the VOe octahedra pairs are connected through 
interlayer bonding involving short and long vanadium-oxygen bonds (V=0--^=0) to form 
double columns. Phosphate tetrahedra in the two neighboring layers form pyrophosphate 
groups (with P-O-P bonds). Gai et al.'^ monitored the behavior of (VOyiPzOj samples treated 
in steam at ~390°C for 312 hours using HREM: extended defects along <201> directions 
were formed. A step-wise transformation involving gliding planes was proposed to explain 
this phenomenon'^'1) in a reducing atmosphere (VO)2P207 loses basal oxygen which 
connects comer-sharing vanadium octahedra and phosphate tetrahedra (see Fig. 12a); 2) 
oxygen vacancies are created and diffuse into the crystal (Fig. 12b); 3) in order to reduce the 
strain generated by the misfit, the crystal lattice glides along <201> directions, and extended 
defects are formed (Fig. 12c). The <201> defects were also formed in n-butane, Na, and Hz 
treatment. The defect concentration could be related to the reducing power of the reagent. 
Treatment in n-butane created more defects than Na or Ha treatment. An n-butane/air 
mixture generated the lowest defect concentration, evidently as the result of a lower number 
of oxygen vacancies. The defect concentration was higher in samples treated in steam than 
in those reacted in n-butane and Ni under similar conditions. 
After extended treatment in steam, HREM images showed regions covered by defects 
which can be depicted in Fig. 12d. We propose that V-O-P bonds in the defect region can 
be broken due to further loss of oxygen atoms. The vanadium oxides and phosphate groups 
can be separated, leaving chains of vanadium oxide species. These vanadium groups then 
form a more stable stracture by shifting along the a-axis (Fig. 12e). The resulting lattice 
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(Hg. 12f) is converted to V2O5 (Rg. 12g) after a structural rearrangement to make V=0 
bonds in every edge-sharing vanadiirai octahedra pairs "trans" to each other. It is therefore 
plausible that a (VOhPzOj crystal with high density of defects along <201 > directions can be 
converted to V2O5 after a prolonged treatment in the presence of water vapor which removes 
V-O-P oxygen atoms. 
The Raman spectra of (VO)2P207 conversion to V2O5 can be explained using this 
approach. The loss of Raman signal can be attributed to a large number of defects induced 
by the loss of V-O-P oxygen atoms. The emergence of bands due to isolated vanadium 
oxide species (- 1120 cm"') may correspond to the stage when V-O-P bonds have been 
broken and vanadiiun groups and phosphate groups have become separated. The growth of 
V2O5 bands in Raman spectra might correlate with observation of the formation of a new 
phase by Gai et al.'^* 
The building blocks for at-, an-, P-, 5- and Y-VOPO4 are also VOg octahedra and PO4 
tetrahedra." Structural differences arise from variations in connections (e.g. V-O-P bonds) 
and arrangement of these units. The band nearl020 cm"' (isolated vanadium oxide species) 
has been observed in conversions from the VOPO4 phases to V2O5 which suggests that these 
transformations may involve similar steps as for (VOhPzOy conversion. 
The preferential cleavage of V-O-P bonds during the reaction is supported by 
evidence obtained form experiments involving reduction-oxidation step changes for 
(V0)2P207 (Fig. 2). Raman signals due to two types of linkages can be identified in the high 
wavenumber region: the pyrophosphate P-O-P stretching band at 934 cmthe V-O-P 
stretching bands of (VO)2P207 at 1182 and 1136 cm"' and those due to V-O-P bonds in 
VOPO4 phases in the region of 1000-1100 cm '. The P-O stretching bands in VOPO4 
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phosphate groups are very close to the 934 cm"' band and were presumably obscured by this 
band. In oxidation steps the vanadium pj^ophosphate V-O-P linkages decreased while the 
vanadium orthophosphate V-O-P linkages were formed as indicated by changes in their 
corresponding Raman bands. reduction steps, the bands due to vanadium orthophosphate 
V-O-P stretching vibration were eliminated, indicating the breaking of V-O-P bonds due to 
reduction. In general, the pyrophosphate V-O-P linkage was also weakened during reaction 
as evidenced by the decrease in intensity of the Raman bands at 1182 and 1136 cm"'. 
The cleavage of V-O-P bonds also produces phosphorus species. It is evident that 
conversion of VPO catalysts to V2O5 should involve the removal of phosphorus species from 
the catalyst lattice. The migration of phosphorus compounds from the bulk to the catalyst 
surface in the presence of water vapor was recently reported by Richter et al.^' In their study, 
the surface P/V ratio of (V0)2P207 was monitored using XPS and ion scattering 
spectroscopy. It was found that with increasing time in water vapor treatment (20% H2O in 
N2 at 480°C), the surface PA^^ ratio increased continuously from around 1.3 at the beginning 
to about 1.5 after ten hours of treatment. When the sample was subsequently left in a dry N2 
stream, the surface PA'^ ratio decreased, fovestigations using thermogravimetry further 
revealed weight losses for (VO)2P207 in wet N2 at 400''C and 550°C (not at 300°C). 
Phosphoric acid was detected in the condensate from the reactor. Catalyst weight loss did 
not occur in dry N2 under similar conditions. 
In our studies the post-reaction samples were characterized by IR spectroscopy to 
provide information about the phosphorus species in the catalysts. Fig. 13a shows the finger 
print region of the IR spectrum for a post-reaction sample whose Raman spectrum indicated a 
mixture of P-VOPO4 and V2O5. Fig. 13a provides a comparison of the IR spectra for pure P-
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VOPO4 (Fig. 13b) and V2O5 (Fig. 13c) in the same region. Features for both P-VOPO4 
(1164, 1056, 1000 and 940 cm"') and V2O5 (1020 cm"' and a shoulder band around 820 cm"') 
were apparent. A shoulder band around 1082 cm"' in Fig. 13a has been observed repeatedly 
in IR spectra for post-reaction samples starting with different VPO materials. Based on IR 
spectra of vanadium phosphorus oxides and inorganic phosphorus compounds, the 1082 cm"' 
band might be assigned to an ionic phosphate (P04^'). This assignment is justified since: I) 
the P04^' has a IR active V3 fundamental vibration frequency at 1082 cm"';^^ 2) the stretching 
vibration frequency of V-O linkage is usually at lower wavenumbers; and 3) analysis of the 
IR spectra for numerous post-reaction samples failed to find signals due to P-OH linkages. 
Water may be responsible for the migration of phosphoric compounds to the catalyst 
surface. Water molecules can diffuse into the lattice of VPO crystals at room temperature", 
and this process may occur more readily at higher temperatures. It may then react with 
isolated phosphorus oxide species and form acid phosphates which diffuse from the lattice 
matrix. IR spectra for post-reaction samples did not reveal the presence of acid phosphate 
species. This may be due to the low concentration of acid phosphates and the ex situ nature 
of the characterization. Another possibility is that water molecules in the catalyst matrix are 
mainly responsible for the cleavage of V-O-P bonds while those at the catalyst surface tend 
to form acid phosphates with phosphorus oxides. This hydrolysis reaction may provide the 
driving force for the phosphorus migration to the surface. 
In contrast, the VPO phases can not be readily converted to V2O5 in an oxidative 
atmosphere. The presence of gas phase oxygen readily replenishes oxygen vacancies which 
hinders the cleavage of V-O-P bonds thus prevents the conversion of VPO phases to V2O5. 
Rather, all materials were converted to the most thermally stable P-VOPO4. 
102 
The V-O-P oxygen appears to be the most reactive oxygen in the VPO catalyst 
lattice. Lashier and Schrader^^ have fomid that O'® was preferentially incorporated into the 
lattice at V-O-P sites in the oxidation of (V0)2P207 to P—VOPO4. These V-0'®-P oxygen 
atoms were active in the oxidation of n-butane which formed 0''-rich maleic anhydride. In 
agreement with this prior observation, Raman spectra collected during reduction-oxidation 
step change reactions in the current smdy indicated that the V-O-P bonds were among the 
first to be formed in the oxidation step, and they were also the most readily removed in the 
subsequent reduction step (Fig. 2). Results by Gai et al. also clearly indicated that 
defects were formed as the result of losing V-O-P oxygen atoms in reducing atmosphere. 
The reactivity of the V-O-P oxygen might be attributed to its low bond strength. Based on 
the calculation by Ziolkowski et al.^, the bond strength simi around the V-O-P oxygen is 
generally lower than that for V=0—V and P-O-P oxygen atoms. 
The discovery made in this study suggests that the VPO catalyst deactivation may 
occur either due to catalyst oxidation to form V^ phases or due to loss of phosphorus, 
especially for those under frequent exposure to moisture in a reducing atmosphere. It may 
further provide the underlying reason why the treatment of the VPO catalyst with a 
phosphorus compound has been reported to extend catalyst lifetime.^^ In addition, many 
researchers have observed phosphorus enrichment at the surface of VPO catalysts, although 
the reported PA'" values differ.^' This variation might also be attributed to the different 
storage conditions or pretreatment of the samples. 
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Figure Captions 
Fig. 1. Diagram of phase transformations among VPO catalysts and precursors reported in 
the literature. 
Rg. 2. (V0)2P2O7 phase transformations in the redox (30 min air - 30 min n-butane/Nj) step 
change reaction cycles at 400°C: a) spectrum taken after (VO)2P207 being treated in n-
butane/air for 3 hrs; b) and c) after the oxidation step and the reduction step of the second 
redox cycle respectively; d and e) after the oxidation step and the reduction step of the third 
redox cycle respectively; f) and g) after 15 min and 30 min in the oxidation step of the fourth 
redox cycle; h) and i) after 15 min and 30 min in the reduction step of the fourth redox cycle; 
j) and k) after 15 min and 30 min in the oxidation step of the fifth redox cycle. 
Rg. 3. (VO)2P207 phase transformation in the wet feed [2% n-butane/(5%-10%) water 
vapor/air] at 450®C: a) spectrum taken at RT; b) after 2 hrs in the wet feed; c) after 5 hrs in 
the wet feed; d) after the catalyst was subsequently cooled down to RT; e) taken at RT after a 
70 hrs thermal treatment at 450®C. 
Fig. 4. (V0)2P207 phase transformation in the wet - dry feed [2% n-butane/(5%-10%) water 
vapor/air - 2% n-butane/air] step change reaction cycles at 450°C: a) spectrum taken after 
(VO)2P207 being treated in wet feed for 4 hrs; b) 2 hrs in the following dry feed treatment; c) 
after 5 hrs in dry feed; d) 1 hr in the following wet feed treatment; e) after 6 hrs in wet feed. 
Fig. 5. y-V0P04 phase transformations in wet N2 (5-10% water vapor/Na) at 450®C: a) 
spectrum taken at RT; b) after being heated to 450°C; c) after 2 hrs at 450°C; d) and e) 
spectra taken after the temperature being lowered to 200''C and TO^C respectively. 
Rg. 6. an-V0P04 phase transformations in wet N2 (5-10% water vapor/Na) at 450®C: a) 
spectrum taken at RT; b) after 1 hr at 450°C; c) after 3 hrs at 450°C; d) after the temperature 
being lowered to RT. 
Fig. 7. P-VOPO4 phase transformations in wet N2 (5-10% water v^or/Na) at 600®C: a) 
spectrum taken at RT; b) after being heated to 6(X)®C; c) after 2 hrs at 600®C; d) spectrum 
taken at RT after a thermal treatment for 48 hrs. 
Fig. 8. 5-VOPO4 phase transformations in wet N2 (5-10% water vapor/Na) at 450°C: a) 
spectrum taken at RT; b) after being heated to 450°C; c) after 1 hrs at 450''C; d) spectrum 
t^en at RT after a thermal treatment for 48 hrs. 
Fig. 9. ar-V0P04 phase transformations in wet N2 (5-10% water vapor/N2) at 450°C: a) 
spectrum taken at RT; b) after being heated to 450°C; c) after 2 hrs at 450°C; d) spectrum 
taken after the temperature being lowered to RT. 
Fig. 10. 5-VOPO4 (with trace amounts of air-V0P04) phase transformations in wet air (5-
10% water v2^or/air) at 450°C: a) spectrum taken at RT; b) after being heated to 450''C; c) 
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after 1 hr at 450®C; d) after 3 hrs at 450®C; e) spectrum taken at RT after a thermal treatment 
for 6 hrs. 
Fig. 11. ar-V0P04 phase transformations in wet air (5-10% water vapor/air) at 450°C; a) 
spectrran taken at RT; b) after being heated to 450®C; c) after 2 hrs at 450®C; d) spectrum 
t^en at RT after a thermal treatment for 4 hrs. 
Fig. 12. Proposed pathway for (VOiPzO? transformation to V2O5: a) top: basic structural 
unit of (V0)2P207; bottom; projection of basic structural unit (only oxygen atoms are 
shown); b) (010) plane of (VOjzPzCh with oxygen vacancies; c) the formation of a defect in 
<201> direction; d) the region covered by defects; e) resulting vanadium oxides species after 
phosphorus oxides being removed; f) vanadium oxides forming a close-packed structure; g) 
(010) plane of V2O5. 
Hg. 13. Finger print region of IR spectrum of a) a (VO)2P207 sample after treatment in wet 
feed; b) reference ^V0P04; c) reference VzOs 
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CHAPTERS 
CONCLUSION AND RECOMMENDATIONS 
n-Butane selective oxidation over VPO catalysts to form maleic anhydride is a 
complicated catalytic process. The mechanism of this reaction is still not exactiy known 
after more than twenty years of intensive study and commercial practice. My current work 
using in situ spectroscopic characterization techniques, FTIR and laser Raman spectroscopy, 
made important contribution toward a deeper understanding in the reaction mechanism. 
In situ FTIR investigation of the reaction intermediates significantiy changed the 
view about the reaction pathway from n-butane to maleic anhydride. It revealed that open 
chain carbonyl species such as ketones and aldehydes are the precursors to maleic anhydride, 
instead of cyclic compounds furan and 2,5(i?)-furanone as previously suggested. The result 
of this study also suggested that the strong bonding between carbonyl oxygen and the surface 
metal cation (C=0—M"^ may hinder product desorption and lead to the overoxidation of the 
products or intermediates. 
In situ LRS smdies on the VPO catalyst transformations also made significant 
discoveries. It identified that in reduction-reoxdiation step change reaction, an- and 5-
VOPO4 were the phases first formed in oxidation step which can be converted to |3—VOPO4. 
It also showed that these othorphosphate phases can be reduced to (VOhPzCh in the 
reduction step. All these phase transformations occurred in relatively shorts time scales (e.g. 
<30 min). More important is the discovery that (VOhPiO? and all the othorphosphate phases 
(ar- an- P-, 5- and y-V0P04) can be converted to V2O5 at around 400-600°C in presence 
of water vapor. This observation combined with the information available in the literamre (1, 
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2) enables us to propose a three-stage solid state transformation; 1) the preferential loss of 
oxygen atoms in V-O-P linkage and consequently the separation of vanadium oxide and 
phosphorus oxide species; 2) the vanadium oxides form more close-packed structures to 
reduce the lattice misfit and are eventually transformed to V2O5; and 3) the migration of 
phosphorus species to the surface and ultimately into the environment, possibly in the form 
of acid phosphates. It may further imply that the V-O-P oxygen is the most reactive lattice 
oxygen in VPO catalysts and may be the site responsible for the oxidation of the reactants, as 
has been suggested by Lashier and Schrader (3). 
The information obtained in my studies is also valuable for process development and 
optimization. For instance, the efforts to produce fiiran form n-butane oxidation on VPO 
catalysts may not be fniitful in light of our in situ FTIR investigation which suggested that 
fiiran is not an intermediate in the main pathway. The results of our in situ LRS studies 
demonstrated that to obtain an optimum catalyst activity and long catalyst lifetime, it is 
important to maintain an optimum mixture of reducing and oxidative reactants. Excessive 
oxidation can cause the VPO catalyst to lose desired catalytic activity by forming 
orthophosphate phases (VOPO4 phases), while continuous reduction or exposure to moisture 
leads to depletion in active lattice oxygen and phosphorus compounds. 
As the progress is being made, mote questions emerge. For example, cyclic species 
such as fioran have been detected in n-butane oxidation. Why is open chain carbonyl species 
oxygen-addition and cyclization a preferential path over furan oxygen-insertion to form 
maleic anhydride? fa addition, what is the driving force for phosphorus migration to the 
catalyst surface? Is this related to the reported surface phosphorus enrichment? Such 
questions can very well be the topics for fiorther research projects. 
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The current work demonstrates that in situ characterization is extremely valuable to 
pinpoint the mechanism of n-butane oxidation and heterogeneous catalytic reactions in 
general. A catalytic reaction is often a dynamic process with changes occurring in the gas 
phase, gas-solid interface, and in the solid catalyst material. For instance, the VPO catalysts 
can be converted to ViOs at high temperatures but this process can be reversed at lower 
temperature. Only in situ monitoring of the reaction can catch this type of dynamics. 
It is also self-evident that to obtain accurate mechanistic information, the coupling of 
various investigation tools is necessary. In situ HREM provides the microscopic level 
identification of the change at catalyst surface while in situ LRS pinpoints this process on a 
larger scale, yet FTIR can provide information complementary to what LRS observes. 
As more and more being unraveled for the n-butane-VPO reaction system, alkane 
selective oxidation in general is becoming a mature and controllable practice, clearing the 
way for more efficient chemical syntheses. The state-of-the-art research techniques used in 
this investigation and the strategy developed in ±e mean time will have significant impact on 
future research in heterogeneous catalysis. 
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